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Abstract

The wear model of the stuffing box packing seal, particularly the surface of the protective sleeve of the
shaft, is presented. Modeling was performed using the ANSYS software, using the Transient Structural module
which have the built-in Archard wear model. The wear model was validated in accordance with the results of
previous experimental studies considering the effect of applied pressure. It was determined that when the degree
indicators in the Archard equations are m = 1.5 and n = 1.3, the proposed wear model allows obtaining sufficiently
accurate wear intensity values. The values of relative wear for different materials of protective sleeves are
compared. Graphs of the contact pressure distribution along the width of the friction pair at different values of the
applied pressure and linear rotation shaft velocities are given. The results of the shaft surface shape change due to
the loss of material were obtained. The resulting change in shape is considered idealized, since this study does not
consider the presence of abrasive inclusions in the medium, uneven pressure distribution on the packing gland,
temperature changes, etc. However, this study can be useful in predicting the wear of the main components of the
stuffing box packing seal.

Key words: wear, Archard model, stuffing-box packing seal, contact pressure distribution, material volume
loss.

Introduction

The wear of stuffing box packing seals is a long-standing problem in mechanical engineering, because of
the dynamic behavior, they are subject to various tribological interactions, such as friction, wear and corrosion.
This can significantly affect the service life. Thus, solving the problem of the wear of packing seals is of great
importance for increasing the reliability and efficiency of centrifugal machines.

The peculiarity of the stuffing-box packing seals work is that during the service life the surface of the
packing does not have time to undergo a direct process of wear. In the process of operation, it gradually loses its
sealing properties: it decreases in size under the influence of the applied pressure and the packing gland, due to
which the clearance between the packing and the shaft increases; the impregnation of the packing is washed out,
due to which the friction coefficient increases, and as a result, this is accompanied by an increase in heat generation.
Thus, the replacement of the packing ring is performed before its fibers are rubbed.

Therefore, it is the shaft or the protective sleeve of the shaft that undergoes direct wear in the stuffing-box
packing seal. And therefore, the amount of wear of the surface of the shaft or sleeve, as in the case of [0], can be
determined experimentally by weighing.

Literature review

Currently, research is being actively conducted on the calculation of the service life of mechanical seals,
since they are widely used for centrifugal machines sealing. The main parameter in determining the durability of
sealing elements is the degree of wear of the contact pair surfaces. Firstly, researchers are focused on the study of
the wear of seal surfaces under the influence of various parameters for each individual case. For example, the
influence of temperature deformations [0], taking into account the combined abrasive and adhesive wear [0], taking
into account the uneven wear of surfaces [0], the influence of contact state that changes over time [0], or the effect

Copyright © 2024 Y.l. Sapozhnykov, A.V. Zahorulko Computational studies of stuffing box packing seal wear
@I}. mechanism using the Archard model Creative Commons Attribution License, which permits unrestricted use, distribution, and
t reproduction in any medium, provided the original work is properly cited.
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of elastohydrodynamic lubrication [0-0]. The choice of materials for the friction pair is also analyzed, in particular
based on carbon, which significantly affects the service life of the seal [0, 0].

Stuffing-box packing seals are one of the types of mechanical seals. They play a key role in various
engineering systems, where reliable sealing of liquids is required. These seal designs are installed in centrifugal
machines and prevent leakage of liquids or gases, ensuring the tightness of the system. The importance of the
durability of these seals cannot be overstated, as any failure can lead to leakages, increased maintenance costs and
environmental issues.

Although previous research has made significant progress in understanding wear mechanisms and its
modeling in mechanical seals, there remains a notable gap that applies to stuffing box packing seals. Most likely,
this is due to a significantly lower resource of packing seals compared to traditional mechanical seals. Therefore,
this direction of research has prospects, since new modernized designs of radial and face packing seals are being
created [0]. These designs are characterized by an increased service life. Therefore, the creation of a wear model
of the stuffing box packing seal can contribute to increasing the service life of the seals.

Previous studies have demonstrated the importance of wear modeling in understanding and predicting
contact pair wear. Computational tools such as finite element analysis (FEA) and computational fluid dynamics
(CFD) are used to model wear behavior in mechanical seals. In general, when solving wear-contact problems,
most researchers rely on the Archard wear model, including studying wear in mechanical seals. In our case,
ANSYS software stands out as a reliable computational tool that offers the ability to simulate wear based on
Archard's wear law and predict its effect on seal performance.

The Archard wear model, proposed by Archard in 1953, is the fundamental basis for predicting wear in
tribological systems. This model quantifies wear as the proportional loss of material volume due to sliding or
relative movement between surfaces. The Archard equation (1), which includes the wear coefficient (K), the
applied load (P), and the sliding distance (S), is widely used to predict the wear volume loss. The simplicity and
versatility of this model make it a valuable tool for wear analysis, especially in seals.

W=KXxSxP 1)

The current study is aimed at providing information on the wear rate of the contacting surfaces of stuffing-
box packing seals, focusing on the numerical modeling of this phenomenon in a centrifugal pump. However, it
does not include taking into account the features of manufacturing and metalworking of individual sealing
components or comprehensive experimental verification, which remain the object of further research.

Purpose

The purpose of this work is to create a computer model of the surface wear of the stuffing box packing seal,
to compare the obtained results with the experiment, and to use this model to solve the wear-contact problem
considering the Fluid-Structure Interaction (FSI) problem of the stuffing box packing. This model will make it
possible to determine the contact pressure distribution more accurately when changing such parameters as the
applied pressure and the shaft rotation speed. In addition, it is planned to investigate the change in the contact
pressure distribution during the wear of the contacting surfaces, to determine the amount of wear and, as a result,
the change in the shape of the shaft contact surface. The obtained results in general will make it possible to predict
the resource of the main components of stuffing box packing seals more accurately. They will also become the
basis for further design modernization of stuffing box packing seals.

1. Materials and methods
1.1. Validation of the radial stuffing-box packing seal wear model

Inthe ANSYS software, the modified Archard equation (2) is used, where W — wear rate, K —dimensionless
wear coefficient, H — hardness of the material being worn, v — sliding speed, P — applied pressure.

W=g><v><P )

The most interesting is the wear coefficient K, which can be determined only as a result of conducting an
experiment. So, at work [0] given values of wear intensity (mg/h), applied pressure (MPa), sliding speed — 3 m/s.
The material of the protective sleeve is stainless steel, the hardness of which can be considered 1/3 of the yield
strength (a,) [0]. For stainless steel, the value of the yield point is 207 MPa. Therefore, the value of hardness is
equal to (3)

y 207

H=%=——69(MPa) (3)

s =

Then, from equation (2), we can express the coefficient K (4), the values of which are given in table 1:
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WH
K=_- (4)
Also, an important point in solving the wear problem is finding the correspondence between the
experimental wear intensity (J) and the Archard wear rate (W ). The correspondence is given in formula (5):

W= J p-3600’ (5)

where p — the density of the sleeve material.

A three-dimensional model of the experimental rig was created for conducting investigations (Fig. 1) [0].
The rig consists of two pads 3, into which pre-pressed samples of stuffing box packing 2 are inserted. The samples
are inserted in such a way that their position does not change during the rotation of the shaft with a protective
sleeve 1. The shaft is driven into rotational motion by a motor that can change the rotation speed from 640 to 3200
rpm. The force of the applied compression is regulated by the compression of the springs (4) in the range of 10-
150 N.

Table 1
Values of experimental wear intensity [0], wear rate and wear coefficient depending
on the applied pressure
The intensity of wear Applied pressure Wear rate (experimental) - 8
(experimental) (mg/h) (MPa) (m3/s*10%) Wear coefficient (107)

0.21 0.08 0.752 0.706
0.67 0.12 2.401 1.503
0.93 0.17 3.333 1.472
2.44 0.25 8.746 2.627
3.68 0.34 13.190 2.910
7.00 0.46 25.090 4.096

1 o _:Q

% A ,’l/ \\ \\\
3 / | A
‘ )
A\ /
3 \ /
- —
1 s
a b

Fig. 1. Scheme (a) and three-dimensional model of the rig (b)

The model has two main components: a shaft with a diameter of 30 mm and a thickness of 13 mm, and a
stuffing-box packing sample with a square cross section of 13x13 mm. Shaft material — stainless steel 30Ch13
(Young's modulus — 2.1 GPa, Poisson's ratio — 0.31), stuffing-box packing material — asbestos fluoroplastic AFT
(Young's modulus— 50 MPa, Poisson's ratio — 0.45).

A frictional contact model was used to simulate wear. The contact surface is the surface of the sleeve, the
surface of the stuffing box packing is the target surface. The coefficient of friction between the surfaces is 0.04.
The contact problem was solved based on the Augment Lagrange formulation.

When creating a finite element mesh, it is important to determine the number of elements in both bodies. It
is necessary to achieve a balance between accuracy and calculation time. The view of the finite element mesh is
presented in fig. 1, b. The number of elements was equal to 4290, nodes to 22158.

The following boundary conditions are presented: external pressure applied to the surface of the stuffing
box packing and the shaft rotation linear velocity - 3 m/s (Fig. 2). At the same time, both solid bodies are
constrained to move along the y axis, and the shaft surface has the ability to rotate around its own axis of rotation.
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Fig. 2. Boundary conditions

To determine the wear of the shaft, the built-in command (6) was used, which uses the modified Archard
formula (7). Where the coefficients m and n are degree indicators at pressure and velocity, respectively.

TB,WEAR,1,,ARCD
TBDATA,L,K,H,m,n. (6)

W =%xpmxpn, ©)
H

In this study, it is assumed that the wear process occurs in the isothermal regime. This assumption assumes
that the working medium flowing through the seal completely removes excess heat.

1.2. Wear of the shaft surface, considering the Fluid-Structure Interaction problem of the stuffing
box packing

Determining the amount of shaft surface wear is very important for radial stuffing box packing seal. As is
known, the highest level of wear is observed in the place of increased contact pressure in the friction pair. The
pucynokwordcontact pressure in a face packing seal is considered. Here, in addition to the direct wear-contact
problem, the FSI problem is additionally solved. A similar picture is characteristic of the radial stuffing box
packing seal. In fig. 3 shows the effect of hydraulic pressure on the stuffing box packing. At the same time, part
of the stuffing box packing from the applied pressure side is pressed against the surface of the shaft, and the other
part at the exit from the seal is in contact with it. Therefore, in addition to contact forces, it is critically important
to consider the action of hydroelastic forces to solve the wear-contact problem of the stuffing box packing seal.
The algorithm flowchart for solving following problem is presented in fig. 4.

Fig. 3. FSI consideration in stuffing-box packing seal. P — applied pressure; Pz — pressure acting on the
sleeve; Ig — zone with a significant clearance; Ic — contact zone; A — transition point between the zones,
which changes its position along the package depending on the operating conditions

The simulation was carried out by changing the pressure of the working medium and the shaft rotation
speed. The values of operating parameters are presented in Table 2.

Table 2
Operating parameters
Parameter Value
Applied pressure (MPa) 0.2 0.4 0.6 0.8 1.0
Linear velocity of shaft rotation (m/s) 1 2 3 4 5
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Model input:
Geometry of stufiing-box seal
Basic parameters of stuffing-box seal
Basic simulation parameters
Operational condition 'L

Initialize the fluid-structure interaction model Fluid pressure

h 4 . .
Fluid model Exchange unfil Solid model Finit element analysis
ANSYS CFX l€-Force— converged solution is «¢Displacementa ANSY'S Transient .J,
reacned struclural Mormal pressure
¥
Increase time step Archard wear model
-Jr Wear model solution
\_ analysis l
e ___./
— P=lang Fluid-Structure
Interaction analysis Contact pressure
Wear rate

Fig. 4. Algorithm flowchart for solving the wear-contact problem of stuffing box packing seal
Results
2. Results of wear model validation

For the validation of the stuffing-box packing seal wear model, numerical studies were performed with
different combinations of m and n degree indicators. In the result, it was determined that with the values of the
degree indicators m=1.5 and n=1.3, the proposed wear model coincides with the experiment. The results of the
research are presented in fig. 5, which shows the graph of the dependence of the volume loss rate on the applied
load. The graph shows that the values of the wear volume at the corresponding loads, obtained during modeling,
generally coincide with the experimental data. The deviation does not exceed 10%.

In addition, it should be noted that in work [0], the amount of relative wear of a sleeve made of different
materials and with different hardening methods was also experimentally investigated. Since in this work there is
no information about specific values of the hardness of the shaft, but only the difference in the intensity of wear is
shown. Therefore, the hardness values were selected from reference literature [0]. A comparison of the results of
simulation and experiment in the form of the relative wear for different materials of the shaft is shown in fig. 6.
The unit was taken as the value of the relative wear indicator for the material of the shaft made of cast iron 18.
After analyzing the obtained dependence, it can be concluded that although the values of relative wear for the
calculation model are underestimated in comparison with experimental data, the tendency to decrease the amount
of wear for different types of materials in the sequence shown in Figure 6.

Thus, it can be stated that Archard's model can be applied in studies of shaft wear in stuffing-box packing
seals.

30,00

% 25,00 i
" 20,00 //'
® 15,00 /

» X

: z

2 10,00

E ‘/./ A Experiment
|

S 5,00 //

- =

/ i s Modeling

] 01 0,2 0,3 04 0,5
Applied pressure (MPa)

=
[=]
(=]

Fig. 5. Dependence of volume wear on the applied pressure



Problems of Tribology 11

059

0B m Experiment m Modeling
¥i
0,6
0,5
04
Dlﬂ
0,2
0,1
i)

1 2 3 4 5 5]

Sleeve’s material number

Relative wear

L

Fig. 6. Relative wear of sleeves made of different materials: 1 — cast iron 18;
2 —cast iron 18 with induction hardening; 3 — steel 40Ch with isothermal hardening;
4 — cast iron 18 with induction hardening and carburizing; 5 — steel 20 with nitriding; 6 — steel 45Ch

3. The results of solving the wear-contact problem considering FSI problem

The wear intensity and the contact pressure distribution along the width of the friction pair were chosen as
the results of the study.

3.1. Wear intensity

As a result of the conducted study, the wear intensity of shaft was determined depending on the change in
applied pressure (Fig. 7a) and the shaft rotation linear velocity (Fig. 7b). Thus, with a change in the shaft rotation
linear velocity, there is a linear increase in the wear intensity. At the same time, with an increase in the applied
pressure, the wear intensity increases according to a polynomial dependence. Such a discrepancy in dependencies
is explained by the fact that when calculating the wear intensity when the applied pressure changes, the wear
degree indicator also changes with the change in pressure.
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3.2. Contact pressure distribution

In fig. 8 shows the contact pressure distribution over the width of the friction pair at different values of the
applied pressure. The point 0 mm along the width of the friction pair is the entrance to the seal, and the point 13
mm is the exit. It can be seen from the graph that as the applied pressure increases, the contact pressure also
increases. The contact pressure increases when approaching the exit from the seal. This trend is explained by the
fact that the hydraulic pressure decreases as it approaches the exit from the seal (Fig. 3).

In fig. 9 a-e show the contact pressure distributions before and after wear of the shaft sleeve. It can be seen
from the graphs that after wear, the contact pressure decreases along the entire width of the friction pair. Moreover,
when the applied pressure increases, the contact pressure drop also increases. Change (decrease) in contact pressure
in the process of modeling is one of the indirect signs of wear of contacting surfaces.
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The study of the effect of changing the rotation speed of the shaft on the distribution of contact pressure
was carried out at an applied pressure of 0.4 MPa (Fig. 10). Analyzing the effect of changing the rotation speed of
the shaft, it can be noted that there is no clear relationship between the increase or decrease of the contact pressure
relative to the increase in the linear velocity of shaft rotation, which is quite well confirmed by the results of the
experiment [0].
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Fig. 8. Contact pressure distribution along the width of the friction pair when
the pressure of the working medium changes

In fig. 11 shows the change in the shape of the contact surface. It can be seen from the graphs that the
section closer to the exit from the seal experiences the greatest loss of material. That is, as mentioned above, in
places of higher values of contact pressure. It is also worth noting the fact that as the shaft rotation linear velocity
increases, the amount of material loss increases in direct proportion.

Separately, it should be noted that the obtained modeling results may have a slightly idealized picture of
the wear of the contacting surfaces, as the effect of abrasive inclusions that may be present in the medium of the
stuffing-box packing seal is not taken into account; misalignment of the shaft and seal and uneven loading of the
packing gland, which holds the stuffing box packing inside the chamber, are not taken into account; the degree of
washing out of the stuffing box packing impregnation is not taken into account; the effect of temperature is not
taken into account. The impact of these factors can be reflected in further study.
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Nevertheless, despite all the mentioned limitations of the proposed model, it can be used to determine the
wear of contacting surfaces. As for stuffing-box packing seals, this model can be used to predict the wear of
protective sleeve surfaces and, as a result, specify the time intervals for its service.

Conclusions

The obtained investigation results indicate that the proposed stuffing-box packing seal wear model, built
based on the Archard model, sufficiently accurately corresponds to the experimental data at the degree indicators
m = 1.5 and n=1.3. Graphic representation of the dependence of the wear volume on the applied load confirms the
correspondence of the calculation results to the experimental data with an accuracy of up to 10 %.
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The given calculation results indicate that the model considers the influence of applied pressure and shaft
rotation speed on the wear intensity. The difference in the influence of these parameters on the wear intensity is
explained by the change in the wear degree indicator with the increase in applied pressure.

The obtained results have both theoretical and practical significance. The wear model can be used to predict
the wear of the protective sleeve surfaces, which will help clarify the service intervals of the stuffing box packing
seals and, therefore, increase their service life. As a result of the solution of the wear-contact problem, the
understanding of wear processes in stuffing-box packing seals has been deepened. Addressing the model's
shortcomings, such as lack of consideration of abrasive inclusions, no uniform loading, or temperature variation,
in further studies may improve its accuracy and applicability.
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S1.1. Canoxuankos, A.B. 3aropyabko. Po3paxyHKOBI 10CIIPKEHHSI MEXaHi3MY 3HOLIEHHS CAIbHUKOBOTO
YIIUIBHEHHSI 3 BUKOPUCTaHHIM MOJIeN Ap4ap/a.

[pencraBieHo MOeNb 3HOWICHHS CaJlbHUKOBOTO YIIIEHEHHS, 30KpeMa, IIOBEPXHi 3aXHCHOI BTYJIKH Baia.
MonemtoBaHHSI BHKOHYBAJOCS 3a JONOMOTro0 mporpamHoro komiwiekcy ANSYS, 3acTocoByBaBCsS MOAYIb
Transient Structural i3 BukopucTtaHHsIM BOyIOBaHOI MOAENi 3HOMIEHHS Apdapna. BukoHaHO Bamigamiro Mojeri
3HOIICHHS y BIATIOBIAHOCTI O PE3yNIbTaTiB IMOMEPEIHIX eKCIIEPUMEHTAIbHUX IOCHTI[HKEHb 3 ypaxyBaHHAM Iil
poboyoro THCKy. Briepmie BU3Ha4YeHO, IO MPH MOKAa3HUKAX CTYNEHS B PIBHAHHAX Apdapma m=1.5 ta n=1.3
3aIPONOHOBaHA MOJENL 3HOLICHHS IO3BOJIIE OTPUMATH HOCTATHHO TOYHI 3HAYEHHS IHTECHCHBHOCTI 3HOCY.
[opiBHSHO BENMYMHH BiJIHOCHOTO 3HOIIEHHS JUIS Pi3HMX MaTepiajiB 3aXUCHUX BTYJIOK. HaBemeHo rpadixu
PO3IOJITY KOHTAaKTHOTO THCKY HO LIMPHHI Mapu TepTs HPH Pi3HUX 3HAYEHHSX poOOYOro THUCKY Ta JiHIHHHX
mBUAKoCTel o6epTanHs Basa. OTpUMaHO pe3yJbTaTH 3MiHEHHs ()OPMHU ITOBEPXHI BTYJIKH, 00YMOBJIEHOI BTPAaTOIO
Mmarepiany. OTpuMaHe 3MiHEHHS (OPMH BBaXKA€TbCS 1J€aTi30BaHUM, TaK SK B IbOMY JOCIIJDKCHHI He
BPaxOBYIOThCSl HASIBHICTh a0pa3MBHUX BKIIOUCHb B POOOYOMY CEpeOBHIL, HEPIBHOMIPHUH PO3IOIIN TUCKY Ha
HATUCKHIH BTYNLI, 3MiHEHHS TeMmImeparypu Ta iH. [IpoTe, 1e AOCHUKEHHS MOXe OYTH KOPHUCHUM IIpU
NPOTHO3YBAHHI 3HOLICHHS OCHOBHUX KOMIIOHEHTIB CAIbHUKOBOTO YIIIJIbHEHHS.

KiniouoBi cioBa: 3HOIIyBaHHS, MOJACNL Ap4Yapia, CaJbHUKOBE YIUITEHEHHS, PO3MOALT KOHTaKTHOTO
THCKY, 00’€MHa BTpaTa MaTepiaiy
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Abstract

The resource tests of plain bearings with metal-polymer tribo-systems developed for the aviation industry
are presented. The purpose of the work is to determine the wear resistance of modern anti-friction polymer
materials in plain bearings in comparison with metal fluoroplastic tape. The uniqueness of the tests lies in the use
of a combination of high-performance polymer materials in a pair with chromium and molybdenum coating during
the reversible movements of plain bearings. Since the use of such bearings is mass in nature, the use of titanium
materials in the manufacture of bearing cages will allow to significantly reduce the weight of the aircraft and
increase its efficiency. It was determined that a plain bearing with a polymer material of carbon and polyamide
fibers and PTFE with functional additives shows a wear resistance 1.8-2 times greater on the segment of 40-100
thousand cycles than bearings with other materials during laboratory resource tests. Also, industrial tests have
established that after 2 million cycles, a hinged bearing with a metal-polymer tape shows a result that is 1.2-1.5
times lower in wear resistance than polymer materials, but all these results are within the tolerances of normal
bearing operation. Industrial tests have proven that at replacing the inner ring of a plain sliding bearing with a
titanium alloy with a molybdenum coating, the wear resistance is almost the same or slightly lower than when the
polymer rubs against steel. Technological recommendations have been developed and a new design and materials
of plain sliding bearings with polymer anti-friction coatings for the aviation industry have been proposed. The
implementation of technological recommendations in the production of bearings will allow to move away from
the universality of the use of plain bearings and extend their wear resistance and durability in general due to the
use of the full thickness of the polymer material and the development of bearings with predicted characteristics
for a specific task.

Keywords: plain bearings, metal-polymer tribo-systems, durability, wear resistance, reversible movement,
loading, coating, titanium alloy, polymer antifriction materials.

Introduction

Plain sliding bearings are widely used in machine building and the aviation industry. They are used for:
work in aggressive environments, with high vibration and shock loads, in fixed joints and everywhere where high
contact loads and low sliding speeds are required. They are designed to transmit radial, axial and combined loads
in moving or stationary connections of machines and mechanisms. They are used to compensate for distortions,
temperature and elastic deformations that occur during the operation of aircraft. A special place in the line of plain
bearings is occupied by bearings with materials that do not require lubrication during the entire service life of the
bearing.

Bearings with metal-polymer tribo-systems are quite widely used in friction units. Different combinations
of metal and polymer structural elements make it possible to predict friction nodes for a specific task. In turn,
polymeric materials in most cases are quite complex after their modification with functional, as a rule, antifriction
fillers.

Literature review

Metal-polymer tribo-systems and polymer composite materials play a progressive role in tribotechnics.
They are used to replace scarce metals and alloys, significantly increase the manufacturability, reliability and
Copyright © 2024 M. Khimko, A.Khimko, P.Mnatsakanov, O.Mikosyanchyk. Computational studies of stuffing box

@I}. packing seal wear mechanism using the Archard model Creative Commons Attribution License, which permits unrestricted use,
t distribution, and reproduction in any medium, provided the original work is properly cited.
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durability of friction units. Units of machines using polymer composite materials have a smaller mass, work almost
silently, have high damping capacity, do not require lubrication. This is especially true for the aviation industry.
Parts made of polymer materials can be operated in vacuum and chemically active environments, at cryogenic and
elevated temperatures, in a wide range of loads and sliding speeds. Currently, anti-friction polymer materials are
widely used in transport and power engineering, technological equipment and household appliances, covering a
huge range of friction nodes for technical and medical purposes, starting with lining plates of hydroelectric power
plants and ending with microrobots for blood purification [1, 2].

The use of polymer composite materials allows significantly reduce the labor cost of manufacturing parts
of friction nodes due to high-performance and resource-saving technologies. For example, when replacing metals
with cast plastics, labor costs are reduced by 5...6 times, and the cost price by 2...5 times; when using polymer
materials instead of metals and semi-finished products based on them, the cost of the product is reduced by 4...9
times [3].

According to the definition, a composite material consists of one or more continuous phases of a
homogeneous matrix with one or more dispersed phases. In this regard, the reliable operation of metal-polymer
tribo-systems primarily depends on the structural and morphological factor that affects the tribomechanical
characteristics of materials [4]. The principle of obtaining composite materials consists of a previously created
combination of two different phases (fillers and matrix) using certain technological techniques. As a result of the
filling, materials are obtained, the physical and mechanical properties of which differ from the matrix. The choice
of fillers for metal-polymer materials depends on the purpose of the material, the need to change certain
tribomechanical characteristics and the type of polymer matrix.

Usually, polymer composite materials used in sliding bearings are divided into composite materials
reinforced with continuous fibers or fabrics, dispersion-reinforced composite materials, composite materials based
on mixtures of polymers that are not capable of dissolving in each other and are characterized by a certain
distribution of polymer particles of the same nature in matrices of another polymer.

Plain sliding bearings with metal-polymer tribo-systems are very popular in the aviation industry [5]. They
are made of stainless and corrosion-resistant steels and do not require maintenance. They are compact, have an
extremely high weight-to-weight ratio and are used in primary and secondary flight control systems. They have a
hinged design. The inner ring is made of high-quality steel with a polished spherical surface. The outer ring is
equipped with a composite metal-polymer material based on polytetrafluoroethylene with tin-based bronze (metal-
polymer tape). In order to precisely fit the spherical surface of the inner ring and ensure an optimal sliding surface,
the outer ring is produced by cold forming around the inner ring.

Recently, many high-tech engineering anti-friction polymer materials have appeared on the market for their
use in tribo-nodes of machines [6, 7]. According to their characteristics, these materials in some cases exceed the
wear resistance p removing the bearing from the installation. Control was carried out according to the TOCT 3635-
78 (item 4.10) scheme using a time-type indicator. The control was carried out 3 times for the reliability of the
values for each point of the graph. The contact fatigue cracking of the bearing surfaces after the total test cycle
after 100,000 cycles was also determined.

4. The frequency of oscillations was 3 Hz.

5. The amplitude of the oscillations was 40 degrees (+ 20°) and was determined from the conditions of the
kinematic diagram of the lever of the helicopter's swashplate.

6. The load for all tested bearings was 31.5 kN. The load scheme corresponded to TOCT 3635-78, chapter
6 "Operating conditions".

7. All tests were carried out at a temperature of 16 to 20 °C. In the course of research, a slight increase in
the temperature of the plain bearings up to 40 °C was observed.

Resource laboratory tests of plain bearings with polymer materials

In the process of testing plain bearings with metal-polymer coatings, the shedding of polymeric materials
in the form of black wear products was observed in all tested samples. After testing for 100,000 cycles, the
fractographic analysis did not reveal any seizure sites on the surface of the inner clip. The outer clips with metal-
polymer materials did not wear down to the base of the bearing, which may indicate that all plain bearings that
participated in the tests are functional and can withstand a longer life, according to TOCT 3635-78, DIN 1SO
12240-1 (DIN 648) ta CTII 651.02.061-92. It should also be noted that all pivot bearings showed an axial gap of
less than 0.3 mm after 100,000 cycles, which is considered a critical gap for a bearing of this size.

The results of resource tests are presented in fig. 1. According to ETY 100-4, TOCT 3635-78 ta DIN ISO
12240-1 (DIN 648), articulated bearings of this type and size should be manufactured with a gap of 0.03-0.08 mm,
which corresponds to (Fig. 1, and ) during initial measurements of IIIH30IOT ta GE30EW-2RS bearings.
However, when bearings were made with other polymer materials, the clearance of the new articulated bearings
was zero. What is associated with the peculiarity of the production of trial samples of bearings with ZX-324VMT
and TX1 materials.

Analyzing the test results of plain sliding bearings, it can be concluded that the bearing with metal-polymer
tape and the bearing with Fluroglide material have almost equidistant curves, which are similar in the nature of
wear. The difference is observed only in the axial gap results. Initially, the spherical bearings have a certain
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clearance and the polymer material (PTFE with functional additives) is in a free, uncompressed state. When the
load is applied, the compression of the PTFE material, which is part of these polymers, and the so-called running-
in of the bearings are observed. Which is characterized by the distribution of the material and the filling of all
pores under load and the establishment of a certain wear pattern. This is exactly what the picture shows us. 1 at
the primary stages of testing with a run-in time of 20,000 oscillations. When the number of working hours increases
to 100,000, uniform wear of the material occurs almost linearly. It should be noted that during the tests, the
temperature of the bearing with Fluroglide material rose to 43°C. The GE30EW-2RS bearing heated up more than
the metal polymer tape bearing. This is explained by the removal of heat from the friction zone of the face into the
inner ring and the metal-polymer contact, and in the bearing with a metal-polymer tape, the contact is metal-(babbit
+ polymer).
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Fig. 1. Dependence of the axial gap (wear) of plain bearings with metal-polymer materials on the number of
oscillation cycles at actual values (a) and under the condition of equalization of the initial axial gap (b).

Analyzing the wear resistance of plain bearings with ZX-324VMT and TX1 materials, it can be said that
up to 20,000 oscillations, the wear resistance of these materials is the same. It is explained by the fact that the
surfaces of the polymer materials of the Zedex and Iglidur companies are almost identical in terms of
characteristics. As the number of operations increases and as the surface layers of polymer materials wear, the
structure and functional additives that are part of the polymer materials become more and more apparent. In fig. 2
shows the topography of ZX-324VMT and TX1 material structures. It can be seen from the figure that the Iglidur
company uses a larger size of reinforcing fibers for strengthening. At 100,000 cycles, it can be seen that the wear
resistance of the ZX-324VMT material is the lowest. The difference is already evident after 70,000 cycles. The
TX1 material during the tests occupies an intermediate position between the metal-polymer tape and the Fluroglide
material.

Fig. 2. Structures of polymer materials ZX-324VMT (a) and TX1 (b) at magnification of x56.

In general, we can say that up to 60,000 cycles, the plain bearing with a metal-polymer tape shows worse
wear resistance than polymer materials, but all these results are within the tolerances of normal bearing operation.
If we discard the gap that was at the beginning of the bearing tests and compare the results, the picture of the wear
of the plain bearings will be somewhat different. (Fig. 1, b) shows the results of (axial gap) wear of plain bearings
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with metal-polymer materials from the number of oscillation cycles under the condition of leveling the initial gap
(the wear curves of Zedex and Iglidur materials are symmetrically shifted to the zero mark).

Analyzing this version of the wearing of metal-polymer materials, it can be stated that the plain bearing
with Fluroglide material shows wear resistance almost 2 times higher in the segment of 40-100 thousand cycles
than bearings with other materials. It should be noted that this is the only plain bearing where the wear of the
polymer material occurs on the steel, and on the chrome coating, which is known for its wear resistance [10, 11].
The combination of reinforced fabric with PTFE and additives from solid lubricants paired with polished chrome,
once again proves that the most successful option for tribo-pairs is a solid base with a viscous matrix and solid
inclusions.

It should be noted that the testing conditions of the plain bearings did not correspond to the real operating
conditions of the plain bearings, which work, for example, in the levers of swashplate of the main gearbox of a
helicopter. And the test results were only comparative at a certain calculated load. The temperature of the tests,
the number of cycles and the load were selected according to the normative documents of the operating conditions
of the helicopter. For example, the number of hours of operation of the main gearbox and the swashplate as a
whole from repair to repair is from 2000 to 2500 hours of operation, depending on the type of equipment and
operating conditions of the helicopter. At the nominal rotation frequency of the main rotor of 192+2 rpm, the
oscillation frequency of the plain bearing is about 3 Hz, and in terms of cycles, 27 million oscillations at 2500
hours. Turn in low gas mode 45+10 rpm. That is, the value of 100 thousand cycles as well as the load of 31.5 kN
are standardized passport values.

Therefore, for more reliable results, it is necessary to conduct additional industrial tests in conditions close
to real nodes.

Industrial testing of plain bearings

Industrial tests of plain sliding bearings with metal-polymer materials were carried out at an aircraft repair
enterprise, which is engaged in maintenance, overhaul and production of parts and assemblies for helicopters of
Mi-8/17 series.

The purpose of the research was to manufacture and test the wear resistance of prototypes of plain bearings
that were manufactured at the enterprise on the recommendation of the authors of the work in accordance with the
contract. The bearings were manufactured according to the scheme described above, but in addition, molybdenum
coating was applied to the inner surface of the plain bearings by the vacuum-arc method with a thickness of about
100 microns. Also, the inner cage of some bearings was made of titanium alloy R56260 (Ti6AlI2Sn4Zr6Mo).

The installation on which plain bearings were tested was made according to the scheme presented in [12].
The test bench works on the principle of movement of the outer ring with a given amplitude with a fixed inner ring
under a combined radial and axial load. The stand allows tests of both spherical and cylindrical sliding and rolling
bearings in the mode of reversible motion in a wide range of angles, frequencies and loads in air as well as in other
gases or vacuum. The stand also carried out tests at temperatures with the help of heating with infrared radiation
at the place of installation of the hinged bearing.

The choice of material combinations of plain bearings for industrial tests was determined from the
standpoint of economic efficiency and reliable working conditions from the introduction of experimental samples
into industry. The HIIH30IOT type bearing was used as the basis, which is currently standardized according to all
relevant technical documents. The test results of test samples of plain bearings are presented in Table 1.

For testing of plain bearings, the operating conditions were selected based on the operating modes of the
lever of the helicopter's swashplate:

. The frequency of oscillations is 3 Hz.

. The testing temperature is 50-55 °C.

. The load on the bearing was 3 kN in the radial direction.
. The amplitude of oscillations was £15°.

. Research base 2-10° cycles.

. Control of the axial gap at 1-10° and 2-10° cycles.

. The sliding speed was 32.7 mm/s.

It should be noted that standard bearings of the type IIH30}OT and GE30EW-2RS according to [13] DIN
ISO 12240-1 (DIN 648) are manufactured with a clearance of 30-80 um, and test samples of plain bearings were
manufactured with a minimum clearance of 5 um. It is also noted that the surfaces of all polymer coatings were in
satisfactory condition after the tests. There were no damages or tears on the surfaces. The gaps of all samples after
the tests were within the tolerance of 0.3 mm.

Analyzing the test results of test samples of plain bearings, it can be said that all samples are within
tolerance even after 2 million cycles. Also, for a clearer picture, it is necessary to list the characteristics of the wear
resistance of plain bearings and to present the test results in the form that the initial value of the axial gap is
excluded. Fig. 3 presents a histogram of the results of the axial gaps of plain bearings without taking into account
the initial gap.
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Table 1
The results of axial gaps of plain bearings during industrial tests
Sample Polymer on the Coating on the Inner clip Axial gap at the number of
No. outer ring inner clip material working cycles, m

0 1-10° 2-10°
1 Metal-polymer tape - 95X181I 45 170 200
2 Fluroglide chrome 95X18I1I 50 145 155
3 Zedex - 95X 1811 5 120 140
4 Zedex molybdenum 95X18I1I 5 120 135
5 Zedex molybdenum R56260 5 125 140
6 Iglidur - 95X18I1I 5 100 120
7 Iglidur molybdenum 95X 18111 5 95 120
8 Iglidur molybdenum R56260 5 105 125

It can be seen from the histogram (Fig. 4) that under moderate loads, in test conditions close to real ones,
the selected polymer materials showed better wear resistance results than the metal-polymer tape. This indicates
that modern highly modified engineering plastics have better wear resistance (under certain operating conditions)
than metal-polymer tape. The FLURO bearing shows the best results in terms of wear resistance. This is confirmed
by the experiments of laboratory installations and resource laboratory tests. When analyzing the table. 1, it can be
seen that at the beginning of the operation of the bearing, the polymer material is pressed, and the PTFE polymer
material is installed in the reinforced fabric. In the future, equilibrium occurs in the zone and all processes of
friction and wear of the materials involved in the work are stabilized.
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Fig. 3. The results of the axial gap (um) of the samples without taking into account the initial gap after 2
million oscillation cycles (sample numbers according to TéSample number

The histogram shows very clearly the groups of samples 3, 4, 5 and 6, 7, 8. When analyzing the wear
resistance of bearings with Zedex material, the dependence is followed that with an increase in temperature and a
decrease in load, the wear resistance of the material is greater than in laboratory resource tests (Fig. 1). Under
operating conditions close to real ones, the wear resistance of the ZX-324VMT polymer exceeds metal-polymer
tape by 10-15%. Also, applying a molybdenum coating of 0.1 um increases the wear resistance of the bearing. The
wear resistance of the molybdenum coating on the titanium alloy shows the same results as when the polymer
slides on the 95X18III steel. An approximately the same pattern is observed in the TX1 material, but its wear
resistance is even greater under these operating conditions. An interesting fact is that when replacing the inner ring
of a hinged sliding bearing with a titanium alloy with a molybdenum coating, the wear resistance is almost the
same or slightly lower than when the polymer rubs against steel. A slight deterioration in wear resistance can be
explained by the fact that the titanium alloy removes heat from the friction zone worse [14, 15] and the temperature
in the contact zone is higher, and as a result, the wear of polymers is greater. But despite this, at light or moderate
loads, replacing the inner ring of the pivot bearing from steel to a titanium alloy with protective wear-resistant
coatings is an excellent option for the aviation industry. Due to the fact that the use of plain bearings is widespread
in aircraft, the benefit in weight will be very noticeable. Provided that the polymer material does not wear out to a
critical value and the wear-resistant coating on the inner ring will also work for the entire period of operation of
the plain bearing, it is possible to manufacture outer rings from titanium materials. The problem is that the use of
polymer materials in plain bearings has limited operating conditions than metals or roller bearings.

Conclusions

1. The results of laboratory resource testing of plain bearings with metal-polymer materials are presented.
It was determined that the plain bearing with Fluroglide material shows a wear resistance of 1.8-2 times greater
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on the segment of 40-100 thousand cycles than bearings with other materials. It was also established that, up to
60,000 cycles, a plain bearing with a metal-polymer tape shows worse wear resistance than polymer materials, but
all these results are within the tolerances of normal bearings operation.

2. Industrial tests have proven that at replacing the inner ring of a plain sliding bearing with a titanium alloy
with a molybdenum coating, the wear resistance is almost the same or slightly lower than when the polymer rubs
against steel. At low or moderate loads, replacing the inner ring of the plain bearing made from steel to a titanium
alloy with protective wear-resistant coatings gives a significant gain in the aircraft weighting.
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Ximko M.C., Ximko A.M., MnanmakanoB P.I'., Mikocsanuuk O.0. Pecypcui BunpoOyBaHH:
MOM(DiKOBaHUX IAPHIPHUX MIANIMIHUKIB AJIs aBialliiHOT ramysi

[IpencraBneno pecypcHi BHUNpOOYBaHHSA INAPHIPHUX  HIJIIWIHUKIB 13  METAIONOJIMEPHUMH
TpubocucTeMaMy po3poOJieHi JiId aBialiiiHol mpoMucioBocTi. MeTolo poOOTH € BU3HAYSHHS! 3HOCOCTIHKOCTI
Cy4acHMX aHTH(PHUKUIHHUX TOJNIMEPHUX MaTepiajiB y I[IapHIPHUX MiJIMIMIHAKAX B MOPIBHAHHI IX i3
MeTaI0()TOPOIIIACTOBOIO CTPIUKOIO.

VYHIKaNbHICT BUNPOOYBaHb NOJSATAaE Y BUKOPUCTaHHI KOMOIHYBaHHS BHCOKOC(EKTHBHUX ITOJIIMEPHUX
MaTepialiB B mHapi i3 HOKPUTTAM XpOMY Ta MOJIOOEHY IpH PEBEPCHBHUX PyXaxX MIAPHIPHUX ITiJIIAITHHUKIB.
OCKUMBKH  3aCTOCYBaHHS NOAIOHMX MIAIIUIHAKIB HOCHTH MAaCOBHU XapakTep, 3aCTOCYBaHHS THTAaHOBHX
MaTepialliB y BUTOTOBJICHHI 00OWM MiAMIMITHUKIB JO3BOJIUTH CYTTEBO 3MCHIIHWTH Bary HOBITPSHOTO CyTHA Ta
T ABUIITATH HOTO €(peKTUBHICTB.

BuzHaueHo, 1110 MapHipHUH MiJIUITHUK 3 TOJIMEPHUM MaTepialoM i3 ByTJIeEeBUX 1 MOJiaMiHUX BOJIOKOH
ta PTFE i3 dpyHKIiOHATBHUME JOOaBKaMHU TIOKa3y€e 3HOCOCTIHKICTh B 1,8 - 2 pasu Ounbiny Ha Bimpizky 40-100 Tuc.
[UKJIIB, HDK MIIMIMIHAKY 13 IHIIMMH MaTepiajlaMd NpH J1a00paTOpHUX PECYpCHHX BUNPOOyBaHHAX. Takox
MPOMUCIIOBUMH BHIIPOOYBAaHHSIMH BCTAHOBJICHO, 1[0 ITPX HApOOITKY B 2 MJIH. IIUKJIIB MIAPHIPHUHA MiANIUITHUK i3
METAJIONIONIIMEPHOIO CTPIUKOIO TOKa3ye pe3ynbrati B 1,2-1,5 pa3iB HUKYE MO 3HOCOCTIMKOCTI HIX TOJIIMEpHI
Marepianu, ajie BCi Il pe3yJIbTaTH JIeXkKaTh B MOJI AOIYCKIB HOPMaIbHOI pOOOTH MiALIIHITHHKIB.

IIpoMucmoBuMu BUNPOOYBaHHSAMH [OBEIACHO, IO NpPH 3aMiHi BHYTPIIIHBOTO KiJbIS HIAPHIPHOTO
MiANTNITHAKA KOB3aHHA Ha TUTAHOBHUH CIUIAB i3 MOKPHUTTSAM MONIOAEHY 3HOCOCTIHKICTh Maiike omHakoBa abo
HE3HAYHO HIDKYE YUM IIPH TEPTi HOTiMepy 1o cTaii. Po3po0ieHi TeXHONIOTiYHI peKOMEHAaIii Ta 3aIpOIOHOBAHO
HOBa KOHCTPYKIISI Ta Marepiaiyl IIapHIpHUX MiAIIAIHAKIB KOB3aHHS i3 TOJIMEPHUMH aHTH()PHUKIIHHUMEI
MOKPUTTSAMHU IS aBialiifHOI MPOMHUCIOBOCTI. BrpoBamkeHHS TEXHOJNOTIYHHX pPEKOMEHIANid y BHPOOHHIITBO
MIANTUITHAKIB TO3BOJIMTE BiJIHTH BiJl YHIBEPCAIbHOCTI BUKOPHCTAHHS MIAPHIPHUX MIiAMIUITHAKIB Ta MPOTOBXKUTH
iX 3HOCOCTIHKICTh Ta JOBIOBIYHICTh B I[JIOMy 332 PaxyHOK BHUKOPHCTAaHHS IOBHOI TOBIIMHHU IIOJIIMEPHOTO
Marepiany Ta po3poOLi MiANIMITHUKIB i3 IPOrHO30BAaHUMH XapaKTEPUCTUKAMHU IiJl KOHKPETHY 3aJaqy.

Kawuoi caoma: IllapHipHi MiANIMIHAKKA, METAIONOIIMEPHI TPHOOCHCTEMH, JOBIOBIYHICTS,
3HOCOCTIHMKICTh, PEBEPCUBHUI PYyX, HaBaHTAXXCHHS, MMOKPUTTS, TUTAHOBUH CILIaB, MONIMEpHI aHTH(PHUKLiNHHI
MaTepianm
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Abstract

Created control device physico-chemical and tribological characteristics of nitrided internal surfaces of long
holes, which is a hollow pipe with radial holes made at a certain distance from its ends to ensure the ratio of the
height of the center of the sample to the internal diameter of the pipe from 0 to 10 or more, which differs in that
the height of the samples simulates the depth of the longitudinal holes, and the samples themselves to facilitate
their fixation and to ensure the absence of electric spark discharge near the ends, they are installed with a certain
tension. At the same time, the length of the cylindrical sample is equal to the thickness of the pipe wall.Thus, each
sample is nitrided from two ends, which makes it possible to nitride from the outside and from the middle of the
model at almost the same temperature, as well as to compare the results of nitriding of two surfaces (external and
internal). At the same time, the difference in conditions is only in the location of these surfaces - external or
internal. All other factors that could affect the results of the modification are practically identical. However,
nitriding in a glow discharge with a constant current supply does not ensure the treatment of the inner surface
uniformly throughout the entire depth, and with significant ratios of length to diameter (more than 4), the inner
surface of the hole remote from the ends is practically not nitrided. Therefore, a process technology and a device
for quality control of anhydrous nitriding in glow discharge (BATR) of long holes with cyclically switched power
supply of the gas discharge chamber have been developed.

Keywords: long holes, cyclically switched discharge, wear resistance, dry friction
Introduction

Practically all kinematic pairs of friction with translational movement structurally fall under the category
of holes with a relatively small diameter, that is, the ratio of the length (depth) of the hole to its diametrical size
exceeds the value of four [1]. This indicator, accepted as a criterion of geometric ratios, is justified by the fact that
the nitriding process of similar structural elements is similar in nature to a discharge with a hollow cathode [2].
From the theory of this process, it is known that the real field penetrates inside the holes to a depth of no more
than two diameter sizes (if the holes are not round, then two smaller diameter sizes). The numerical criterion for
assigning nitriding objects to the category of holes with a relatively small diameter in the number of four diameters
applies to structures in which the holes are through. For blind recesses or holes, the value of the criterion can be
reduced to two.

Holes of a relatively small diameter in details should be considered through or blind holes, the ratio of the
length of which to the diameter is greater than 2 - 4. The justification for these limits (a smaller value is for non-
through holes) is that, as established in [1], the depth of the hole is two diameters, the intensity of the electric
discharge field is only 0.02% of the intensity at the end of the hole. Taking into account this indicator, through
holes whose length to diameter ratio is greater than three can be considered relatively small diameter holes, and
for non-through holes - 1.5.

Literature review

Copyright © 2024 M.S. Stechyshyn, O.V. Dykha, N.M. Stechyshyna, D.V. Zdorenko. This is an open access article distributed
@I}. under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
= provided the original work is properly cited.
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Currently, in surface engineering methods, preference is given to the implementation of methods of
controlled modification of surfaces based on the action of concentrated energy flows. Vacuum, ion and laser
technologies, which are promising from the point of view of forming the structure and properties, have gained the
greatest development. These methods of surface modification went through several stages, which led to the
creation of a large number of technical solutions determined by both the specifics of the processes and the design
features of the equipment used. One of the most developed and widely used in world practice is the method of
anhydrous nitriding in a glow discharge. The paper [3] investigates the possibility of creating modified surface
layers on austenitic stainless steels using low-pressure glow discharge nitrogen treatment, similar to sputtering, so
that surface activation, heating, and nitrogen incorporation can occur in one step with a short duration. In work
[4], it was established that with the help of appropriate treatment parameters, glow discharge nitriding can
significantly improve the corrosion resistance of austenitic stainless steels, such as AISI 316L and AISI 202,
compared to untreated alloys. In work [5], stationary helicon wave plasma with a small diameter (10 mm) was
used for nitriding the inner part of a thin austenitic stainless steel tube. The results confirmed that the nitrided layer
consists mainly of the austenite phase, iron nitride is not released. Given the successful control of the plasma
discharge in a thin tube with a small diameter, this research paves the way for achieving high-performance nitride
layers inside thin tubes. In work [6], the process of low-temperature plasma nitriding was proposed as a surface
treatment to increase the technical durability of stainless steel tubes and nozzles. Various analyzes were performed
to describe only the internal process of nitriding, from the inner surface of the pipes and nozzles to their depth in
the thickness. The authors in the study [7] developed technological methods of pulsed ion-plasma nitriding of
internal cylindrical surfaces using a hollow perforated anode. This leads to the formation of diffusion coatings
consisting of areas of different chemical and phase composition. The purpose of the work [8] was to evaluate the
possibility of nitriding deep holes of small diameter. The tests were carried out on cylindrical samples of unalloyed
and low-alloyed steel with electro-drilled and mechanically hollow through and blind holes.

Attempts to nitride long holes in a glow discharge with constant power supply only confirm the above
theoretical conclusions regarding the spread of the discharge in holes of relatively small diameter. At the same
time, the inner surfaces of the holes near the ends are nitrided with acceptable quality, while when the distance
from the end of the hole increases, the results of nitriding become less and less noticeable. Some improvement in
the effects of the modification can be achieved by increasing the duration of the process. That is, the effect of
ordinary furnace nitriding is manifested, but at the same time, the main advantage of nitriding in the glow discharge
is eliminated - a significant reduction (by more than an order of magnitude) in the duration of processing [2] .

Thus, the task set in the work has, first of all, practical significance, since there are many options for its real
production application. At the same time, one should take into account the fact that such a process has not been
sufficiently studied, except for purely technological aspects [9]. A preliminary theoretical justification for the
possibility of nitriding the inner surfaces of holes of a relatively small diameter can be the thesis of pumping
nitrogen ions into the inner cavity of the hole due to the effect of their movement by inertia at the moment of
changing the discharge voltage up to its complete disappearance during a cyclically switched discharge. Since, in
the absence of an electric field, the ions will continue to move tangentially to the trajectory that took place at the
moment of termination of the discharge, it becomes possible for them to reach the region of the hole cavity, where
the field is practically no longer active. This phenomenon is especially characteristic of ions that fly into the hole
in the vicinity of its center. At the same time, the trajectory of their movement is significantly straightened, the
probability of collision of ions with the walls of the hole decreases, they fly a much longer path than it would be
in the case of continuous power [10]. In this way, an excess concentration of nitrogen ions is created, which further
drift into the depth of the hole, obeying the laws of diffusion. Since nitrogen ions are the main factor in the
formation of nitrides, the nitriding process of the inner surface should theoretically occur at a speed that practically
corresponds to the conditions of processing open surfaces [11]. The influence of the physical foundations of the
nitriding process on the contact interaction of modified friction surfaces is considered in [12]. The conducted
analysis confirmed the determining importance of the structure and composition of the gas discharge environment.

Known works on the use of pulse discharge in nitriding processes in order to improve the mechanical and
tribological properties of surface layers. In work [13], with the aim of optimizing the nitriding process,
experimental studies of pulsed plasma nitriding of carbon steel DIN C45 (AISI C1043) were carried out using a
direct current pulse glow discharge. The influence of gas composition, temperature, processing time and frequency
on layer thickness and microhardness was studied. The obtained results are recommended for the optimization of
the nitriding process and computer control of the process. In order to increase the tribological and properties of
austenitic stainless steels in [14], the authors use plasma nitriding of the surface in pulse mode. It has been found
that the wear rate is reduced by up to 90% compared to the base material when processed with a low duty cycle.
It is shown that wear resistance and corrosion resistance can be significantly increased by reducing the pulse duty
cycle. In work [15], samples of unalloyed steels were nitrided under fixed conditions using an alternating pulse
current. It was established that the hardness and wear resistance increase significantly with an increase in the
pulsed current. This study comprehensively explains the contribution of pulsed current to nitriding efficiency and
plasma reactivity. In the study [16], a pulsed power supply is used for plasma nitriding to overcome the problems
of direct current plasma nitriding. Therefore, the use of a pulsed power supply ensured: more accurate control of
the nitriding process, post adjustment of the pulse width, avoidance of the phenomenon of arcing on the surface of
the workpiece. Therefore, the advantages of using a pulsed discharge as a power source during nitriding are
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obvious, but its use for processing long holes has not been widely used.

The practical importance of solving the given problem is extremely great, since in mechanical engineering
in almost all industries, many parts with holes of relatively small diameter are used, the inner surface of which is
working and whose wear resistance is of fundamental importance for increasing the resource of products, their
efficiency and the term of normal operation. Examples of such parts can be the inner surfaces of pneumatic and
hydraulic cylinders, the inner surfaces of material cylinders of injection molding machines, the inner surfaces of
plunger pumps of engine fuel equipment, etc.

Various technologies for modifying the internal surfaces of similar pairs are used: furnace nitriding,
cementation, gas chrome plating, etc. But all of them have a number of important disadvantages: the fragility of
the surface layers, the long duration of the saturation process during furnace nitriding (96 hours), the change in
dimensions and the need for further finishing during cementation.

All the mentioned disadvantages are absent when using the technological process of nitriding in an
anhydrous glow discharge. The part before the modification is processed in the finished dimensions, which
significantly affects the cost of manufacturing parts. The process is an order of magnitude less long compared to
the furnace process, and when using nitriding in anhydrous environments, it becomes possible not only to meet all
the requirements of environmental safety, but also to significantly reduce the fragility indicators.

However, nitriding in a glow discharge with a constant current supply does not ensure the treatment of
the inner surface uniformly over the entire depth, and with significant ratios of length to diameter, the inner surface
of the hole remote from the ends is practically not nitrided. Therefore, the technology of the process of anhydrous
nitriding in a glow discharge with cyclically switched power supply of the gas discharge chamber was developed.

Research methodology

To check the nitriding quality of the internal surfaces of long holes (to control the physico-mechanical
and tribological characteristics of the nitriding layers), a device was created, which is a hollow cylinder in which
series of radial holes are drilled at different distances from the end. Samples made of different steels are inserted
into these holes. Thus, each sample is nitrided from two ends, which makes it possible to nitride from the outside
and from the middle of the model at almost the same temperature, as well as to compare the results of nitriding of
two surfaces (external and internal). At the same time, the difference in conditions is only in the location of these
surfaces - external or internal. All other factors that could affect the results of the modification are practically
identical (Fig. 1).
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Fig. 1. Hollow cylinder for simulating nitriding of long holes

The presence of a series of radial holes creates the possibility of simultaneous nitriding of samples made
of different steels at the same parameters of the technological process, which significantly speeds up experimental
research. Full length model400 mm, hole diameter40 mm. Thus, the largest coefficient of the ratio of the length of
the hole to its diameter was 10.

Nitridingwas carried out at the unit for anhydrous nitriding UATR-1. A nitrogen-argon mixture was used
as a gas medium with a ratio of components by volume of 75% nitrogen and 25% argon. Samples made of steel
38X2MUA were installed in radial holes and held there due to a certain tension (Fig. 2). This achieved not only
retention of the samples in the holes, but also the absence of burning near the ends of the samples, especially when
fed with a direct current discharge. The appearance of this phenomenon is quite real, as it is observed even with
gaps of the order of 0.5 mm. At the same time, the use of a similar method of fixing samples significantly simplifies
the design of the model, eliminating from it devices such as screw clamps, collets, etc.
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The parameters of the technological mode are presented in Table 1. In mode 1, cyclically switched
discharge was used, and in mode 2, constant power supply of the gas discharge chamber was used.

Table 1
Technological parameters of nitriding
Mode o Pressure . _
number | remperature°C | Voltage, V.| o teo) “p, | Duration, hours Features regime

1 560 730 160 6 The model is open
from two sides

2 560 730 160 6 The model is open
from two sides

The processing of nitriding results primarily involved measuring the surface microhardness on a PMT-3
microhardness tester. At the same time, the surface microhardness was studied not only on the ends of the samples,
but also along the depth of the modified layer. Microhardness measurements were performed at a distance from
the surface of 25, 50, 75, 100, 150, 200, 250, 300, 600, 1000 pum.

X-ray phase analysis of nitrided samples was performed on a DRON-3 diffractometer in filtered radiation
of an iron anode in the range of q angles from 20° to 100° with a scan step of 0.1° and an exposure time of 10 s.
X-ray imaging was carried out from the surface to the depth of the nitrided layer.

Experimental studies of samples for wear resistance were carried out on a universal machine for testing
materials for friction, model 2168UMT. The material of the counterbody is steel SHX15 with a base hardness of
HRC61; pressure in the contact zone P = 16 MPa; sliding speed v = 0.1 m/s; the controlled parameter is linear
wear h, which was determined as a change in the linear size of the sample measured normal to the friction surface
as a result of passing a section of length I. The tests were carried out in the modes of extreme [8] and dry [9]
friction, which is typical for many parts of mechanical engineering and agricultural machinery.

Research results

Table 2 shows the distribution of the surface microhardness of the internal end surfaces of samples made
of 38X2MUA steel depending on the distance of their location from the ends of the model (pipes).

Table 1
Distribution of surface microhardness along the depth of the model
Mode No The microhardness of the surface is HVO0.1 at the depth of the model
Material 10 20 40 100 200 250 340 370 395
mm mm mm mm mm mm mm mm mm
1 38X2MUA 1098 1096 1097 1098 1097 1096 1098 1097 1098
2 38X2MUA 1100 1096 1090 1019 960 996 1050 1092 1090

For greater visibility, the data in the table. 2 are illustrated in fig. 3.
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Fig. 3. Dependencies of surface microhardnesssteel 38 X2MUA, nitrided in a glow discharge with cyclically switched
and constant power supply for the inner surface of the sample

As can be seen from fig. 3, surface microhardness during nitriding in TSR (mode 1).along the height of the
pipe, the modified layer of 38X2MUA steel, respectively, from the side of the inner ends remains constant, and
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during nitriding with direct current, it decreases and reaches a minimum for samples placed in the center of the
pipe (mode 2).

A similar conclusion can be drawn from the analysis of the distribution of microhardness along the depth of the
nitrided layer strengthened by nitriding in the glow discharge depending on the power supply mode of the gas discharge
chamber (Fig. 4, a, b). During nitriding in a cyclically switched discharge, the distribution of microhardness over the
thickness of the hardened layer is more uniform and practically the same for all samples along the entire length of the
model. In addition, the value of microhardness in the thickness of the nitriding layer is higher during nitriding in a
cyclically switched discharge than during constant power supply. Thus, for the sample placed in the center of the model
(1 =200mm), the microhardness at the depth of the nitrided layer of 25, 50, and 100 pm was 852, 756, and 561 Pa,
respectively, with constant feeding and 942, 822, and 638 Pa with nitriding in a cyclically switched discharge .
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Fig. 4. Distribution of microhardnessfor nitrided steel 38X2MIOA: a — cyclically switched power supply; b - constant
power supply

The study of the microhardness of the nitrided layers, its distribution along the depth of the nitrided layer
(Figs. 3, 4) indicates the formation of highly nitrogenous phases during nitriding in the TSK. The obtained
radiographs confirm this conclusion.

The results of tribological tests showed (Fig. 5) that nitriding in the TSR is a fairly effective way of
strengthening the inner surfaces of long holes. Comparison of the wear resistance of 38X2MUA steel samples
nitrided according to mode 1 and mode 2, depending on the height of their placement in the pipe, shows its
significant increase (by 1.3...1.6 times) during nitriding in the TSR.
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Fig. 5. Wear resistance of nitrided steel samples 38X2MIOA during dry friction depending on the friction path and
their location from the ends of the pipe: a— TSR, b —direct current

Therefore, the use of the developed device makes it quite easy to assess the physico-mechanical and tribological
properties of the internal surfaces of long holes depending on the distance of their placement from the end of the model
hole.

Conclusion

Thus createda device for controlling the quality of nitriding of the inner surfaces of long holes, which is a
hollow pipe with radial holes made at a certain distance from its ends to ensure the ratio of the height of the
placement of the center of the sample to the internal diameter of the pipe from 0 to 10 or more, which is
distinguished by the fact that the height of placement samples simulates the depth of long holes, and the samples
themselves are installed with a certain tension to facilitate their fixation and ensure the absence of electric spark
discharge near the ends. At the same time, the length of the cylindrical sample is equal to the thickness of the pipe
wall.
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Creunumu M.C., luxa O.B., Creunmmna H. M., 3nopenxo JI.B. Meroauka 1 pe3ynbTaTH TOCITIHKCHHS
(i3uKO-MEXaHIYHUX Ta TPUOOJIOTIUHMX XapaKTEPUCTHK a30TOBAHMX BHYTPIIIHIX MHOBEPXOHb JOBIOMIPHUX
OTBOpIB

CTBOpEHO NPHCTPIH Ui KOHTPOMIO (hi3UKO-XIMIYHMX Ta TPUOOJOTIYHHMX XapaKTEPHUCTUK a30TOBAHUX
BHYTpIIIHIX MTOBEPXOHb JOBFOMIPHHUX OTBOPIB, SIKMH ABISE COOOIO IMyCTOTUTY TpyOy 3 pamiallbHUMU OTBOpaMHU
BUKOHAHWMH HA TIEBHIH Biaai Bij i1 TOPIB 11 3a0e3neUeHHS BiTHOIIEHH BUCOTH PO3MIIIEHHS IEHTPY 3pa3ka
JI0 BHYTPIMIHBOTO AiameTpa Tpyou Bix 0 mo 10 i GinrbIme, SKUi BiIpi3HAETHCS THM, IO BUCOTA PO3MIIICHHS 3pa3KiB
MOJICNTIOE TJIMOWHY JOBTOMIpHHX OTBOpIB, a cami 3pa3Kél IS TOJETHIeHHS ix (ikcamii Ta 3a0e3neueHHS
BiZICYTHOCTI €JIEKTPOiCKPOBOTO pO3psy OiIS TOPIiB BCTAHOBIIOIOTHCS 3 IIEBHUM HATATOM. [IpH IbOMY ITOBXXHHA
IITIHAPAYHOTO 3pa3Ka JAOPIBHIOE TOBIIUHI CTiHKH TpyOu. Takum YMHOM, KOXHHH 3pa30K a30TYETHCS 3 JBOX
TOPLIB, IO JIa€ MOXKJIMBICTD a30TYBATH 13 30BHI Ta 3 CEpPEANHH MOJEINI IPH NPaKTUYHO OJTHAKOBIH TeMIieparypi, a
TaKOX ITOPIBHIOBATH PE3yJIbTaTH a30TyBaHHS IBOX IOBEPXOHB (30BHIMIHBOI Ta BHYTPilIHBO1). [Ipn ibomy pisHUILA
B YMOBax IIOJISITa€ TUIBKK B PO3TAllyBaHHI IMX MOBEPXOHb — 30BHIIIHE YM BHYTpilHe. Bei iHmi ¢akropu, sxi
MoriH O BIIMBAaTH Ha pe3ynbTaTd MoAudikanii npakTHyHo ineHTH4Hi. [IpoTe a30TyBaHHS B TIIIIOUOMY PO3psiAi
IpU TOCTIHHOMY CTPYMOBI JXHMBJICHHS He 3a0e3rneuye oOpoOKy BHYTPIIIHBOI IMOBEpXHi PIBHOMIPHO IO BCii
TJIMOWHI, @ IPY 3HAYHUX BiTHOIICHHSX JJOBXHUHHU JI0 JiamMeTpa (Oinbiue 4) BHYTPILIHS MOBEPXHS OTBOPY BiJlaneHa
BiJl TOPIIIB MPAKTHYHO HE a30TYeThCSA. ToMy po3poOiieHa TEXHOJIOTIS MPOIeCy 1 MPUCTPIl U KOHTPOIIIO SKOCTi
0e3BogHEBOTO a30TyBaHHS B Tiirouomy pospsiai (BATP) nmoBromipHHX OTBOpIB 3 HHKIIYHO-KOMYTOBAaHHM
JKHBJICHHSM Ta30pO3psIHOT KaMepH.

Koaro4oBi cjioBa: TOBroMipHi OTBOPH, INKITITHO-KOMYTOBaHUH PO3ps[, 3HOCOCTIHKICTD, CyXe TEePTs
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Abstract

The article is dedicated to establishing the regularity of wear of a cylindrical brush of the mounted sweeping
equipment of a garbage truck depending on its rotation frequency. Using the mathematical dependencies and
corresponding regression analysis programs, it was established a power law of change in the wear of the cylindrical
brush of the garbage truck's mounted sweeping equipment on the frequency of its rotation, which can be used to
build a mathematical model of the hydraulic drive of the improved mounted sweeping equipment of a garbage truck,
taking into account the wear of its working bodies. A graphical dependence of the change in the wear of the
cylindrical brush of the garbage truck's mounted sweeping equipment on its rotation frequency was plotted, which
confirmed the sufficient convergence of the obtained regularity. The graph of the influence of the rotation
frequency of the cylindrical brush of the garbage truck's mounted sweeping equipment on its wear demonstrates the
expediency of its reduction. It has been established that for a Ukrainian-made sweeping machine of the serial
model KO-713-01, which is equipped with a cylindrical brush with a rotation speed of 3200 rpm, its wear
according to the obtained regularity will reach 86.5 mm. It was found that reducing the rotational speed of the
cylindrical brush of the garbage truck's mounted sweeping equipment from 62 sec™! (3700 rpm) to 26...38 sec!
(1550...2250 rpm) leads to a decrease in its wear by 2 orders of magnitude. The expediency of conducting
additional research to identify further ways to improve the wear resistance of the cylindrical brush of the garbage
truck's mounted sweeping equipment has been established.

Key words: wear, rotation frequency, mounted sweeping equipment, cylindrical brush, garbage truck,
regularity, regression analysis.

Introduction

Increasing the wear resistance, durability, and reliability of machine parts is one of the main problems in
the Ukrainian engineering industry, in particular for municipal sweeping machines [1, 2]. In order to clean the road
surface from contaminants, municipal machines with brushing equipment are widely used. The most widespread
brushing equipment is cylindrical brushes with a pile of polymeric material. During operation, the bristles of a
cylindrical brush undergo intensive wear by interacting with the working surface containing abrasive particles,
while its elastic characteristics change, which requires an increase in the required clamping force to maintain the
most rational value of the contact patch width in order to ensure high quality cleaning and minimal bristle wear.
Based on the analysis of statistical data, the vehicle fleet of municipal enterprises in Khmelnytskyi region
experienced a slight decrease in the level of wear and tear from 2015 to 2020, despite the measures taken, from
63% to 59% [3, 4]. According to the Resolution of the Cabinet of Ministers of Ukraine No. 265 [5], one of the
main tasks is to ensure the use of modern and highly efficient garbage trucks by the country's municipal enterprises,
which are key in the collection, transportation and primary processing of municipal solid waste (MSW). This task,
in particular, is facilitated by expanding the functionality of the garbage truck by equipping it with a mounted
sweeper. This generally helps to improve the overall reliability of utility companies' operations, while solving
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various environmental issues. Planning for the renewal, maintenance and repair of municipal equipment is
facilitated by establishing the regularity of wear of the cylindrical brush of the garbage truck's mounted sweeping
equipment depending on its rotation frequency.

Analysis of recent research and publications

Paper [6] considers the technology for maintaining the city's street and road network during the period with
positive air temperature, outlines methods for planning and determining the volume of cleaning work, provides
technical characteristics of cleaning machines and a method for calculating their number. The article describes the
characteristics and composition of garbage on the roadway of city streets and roads, its fractional composition, the
content of dusty particles by fractions in the air above the road surface, the concentration of the main and most
harmful elements of road dust, changes in the composition of garbage during the year, and the estimated annual
accumulation of street garbage for Ukrainian cities per 1 m? of the road surface. The main factors influencing the
performance of sweeping machines for cleaning the city's street and road network are determined. The performance
of sweeping machines, factors influencing their performance and its calculation are considered. The modes of road
surface cleaning (frequency), the intensity of garbage accumulation on the road surface and its contamination
depending on the traffic intensity are also considered.

Measures aimed at significantly improving the efficiency of the technological process of road pavement
cleaning are described in the paper [7]. These measures are aimed at reducing the need for cleaning equipment and
manual labor, improving the sanitary, hygienic, aesthetic, transport and operational condition of the road surface
in urban areas. It is noted that the elastic modulus of road pavement of intra-quarter passages should be at least
125 MPa, and sidewalks and pedestrian alleys over 3 meters wide should be no more than 85 MPa. If the humidity
of the garbage is up to 20%, it is recommended to use sweeping machines with additional moisture with a humidity
of less than 15%, and if the humidity of the garbage is more than 20%, it is recommended to use water washers.

The results of analyzing a set of partial indicators, such as fuel consumption for operation, work
performance, maintenance and repair costs for brush equipment elements, as well as the cost of cleaning a certain
area of roads or urban areas, are considered in the study [8]. These indicators allow us to estimate the efficiency
of using municipal sweeping machines with brush equipment. The paper shows a functional diagram for the
formation of a generalized efficiency criterion and proposes a mathematical expression for its calculation. An
expression for determining a generalized criterion for the efficiency of using municipal machines based on the
selected aggregation function is also obtained. For a clear presentation of the relationships between the factors that
influence the partial indicators of efficiency of the use of municipal sweeping machines, a functional scheme for
the formation of a generalized efficiency criterion of the work is proposed.

A study by modeling brushes using the finite element method to create a system for automating the road
sweeping process is presented in the paper [9]. Taking into account the type of garbage and road conditions, it is
noted that the driver of a sweeping machine needs to adjust the vertical pressure, angle of inclination, and speed
of rotation of the curb brush, as well as frequently monitor the results of sweeping. The driver's work becomes
more complex as he or she needs to carefully control the machine and perform sweeping operations at the same
time. In the past, achieving efficient road sweeping has been problematic, including the reason of the unknown
basic characteristics of the sweeping brushes. In this paper, a finite element model is used to analyze the
deformation of metal brushes as they are pressed and rotated on the road. The key brush parameters considered
include tooth length, width, and thickness, tooth radius, tooth angle and orientation, as well as the number of teeth
per cluster, number of clusters per row, and number of rows. The brush teeth were modeled as thin cantilever
beams using the commercial software package FE ANSYS. With this model, important brush characteristics such
as force-strain ratio, contact pattern, and torque were obtained. The effect of different tooth geometries on the
brush characteristics was also analyzed.

In the paper [10], it is noted that the use of brush seals can help improve engine performance by reducing
losses. Brush seal wear models provide methods for predicting wear and costs. However, existing models do not
systematically account for rotor eccentricity, radial deformation, and the effect of bristle hysteresis, which can lead
to significant errors in some situations. Tests were conducted to study the effect of rotor-stator eccentricity and
radial deformation on the wear process and flow characteristics of the brush seal. During the tests, the air leakage
rate was measured at different times and operating conditions, and the eccentricity and radial deformation were
measured using eddy current sensors. The test results showed that eccentricity and radial deformation have a
significant impact on wear and flow efficiency. In the theoretical study, the abrasive wear equation was used to
describe the loss of pile material, and a simplified description was used to express the eccentric rotor-stator
motions. A wear model for the brush seal was developed, taking into account rotor-stator eccentricity and radial
deformation, in which the hysteresis effect is observed. This model was validated using brush seal test data, and
the results showed that there is an error of 20% compared to the calculated wear loss when rotor eccentricity, radial
deformation, and hysteresis effect are fully considered.

The work [11] is dedicated to taking into account the interaction of forces, temperature effects on friction
and wear of the brush pile, as well as establishing quantitative characteristics that affect the life and efficiency of
the sweeping process, depending on the properties of the removed garbage and operating modes. The developed
and implemented computer simulation model of the functioning of the brush unit of a municipal sweeping machine
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allows predicting the characteristics of the process and identifying their cause-and-effect relationships with the
brush parameters and operating modes. The simulation model makes it possible to predict the service life and
performance of the brush at the early stages of designing the brush body of a municipal machine, taking into
account the model conditions of the subsequent application. The parametric adjustment of the simulation model
was carried out by matching the calculated and experimental values of brush pile wear obtained in the field. The
criteria characterizing the intensity of brush pile wear were established. It is found that the main reason that does
not allow achieving improved operating modes of municipal machines is the limitation of the brush rotation
frequency and heating of the contact surface of the pile, which leads to a decrease in the mechanical properties of
the pile material and an increase in the intensity of its wear.

The problem of improving the quality of road surface cleaning and the service life of brushing equipment
is discussed in [12]. Improving the quality of cleaning and the service life of brushing equipment will help reduce
the cost of municipal equipment. During operation, the pile of a cylindrical brush wears out, which leads to a
change in its elastic characteristics. This is reflected in the need to apply the optimal pressing force to ensure the
optimal width of the contact patch, which guarantees high quality cleaning and minimal pile wear. The article
presents the dependence of the degree of wear of the brush pile of brush working equipment on the actual radius
of the cylindrical brush. The influence of the degree of wear on the elastic characteristics of the brush working
equipment is also considered. The dependence of the average stiffness coefficient on the degree of wear of the
cylindrical brush bristles, as well as the value of the required clamping force on the degree of wear at different
values of the width of the contact patch of the cylindrical brush, is given. Also, the dependence of the pressure in
the hydropneumatic accumulator of the brush working body position control device on the actual free length of
the cylindrical brush pile was obtained.

Regression analysis was used to establish regularities that describe and predict the wear and tear of garbage
trucks in Khmelnytskyi region in a scientific article [13]. In addition, the results of this analysis can help to develop
a strategy for the infrastructure of municipal enterprises, such as the composition and renewal of garbage trucks,
the creation of a production base for maintenance and repair, which is necessary to solve the problem of solid
waste management.

An improved mathematical model of the functioning of the mechanism of solid waste dewatering in a
garbage truck that takes into account the wear of the auger is presented in a scientific article [14]. This model made
it possible to conduct numerical studies of the dynamics of the mechanism during its startup and determine the
effect of auger wear on the performance characteristics of the device. The results of the study showed that with an
increase in the degree of wear of the auger, the pressure of the working fluid at the inlet of the hydraulic motor of
the mechanism increases, while the angular velocity and rotational speed of the auger significantly decrease at a
constant flow rate of the working fluid. The dependences of these parameters on the degree of auger wear were
expressed as power functions. Additionally, it was found that the wear of the auger by 1000 microns leads to an
increase in the energy consumption of the MSW dewatering process by 11.6%, which, accordingly, increases the
costs of this process in the garbage truck and accelerates the process of auger wear.

Paper [15] identifies adequate laws, according to the Fisher criterion, that describe the effect of cylindrical
brush wear on the performance characteristics of the garbage truck's mounted sweeping equipment. It was found
that, according to the Student's criterion, among the studied factors of influence, the degree of wear of the
cylindrical brush has the greatest effect on the value of the deformation of the cylindrical brush, and the width of
the contact patch has the least effect. The required clamping force of the cylindrical brush is most affected by the
width of the contact patch, and the degree of wear of the cylindrical brush is the least. The response surfaces of
the target functions - the values of the deformation and the required clamping force of the cylindrical brush and
their two-dimensional sections in the planes of the impact parameters - are shown, which allow us to clearly
illustrate the specified dependencies of these target functions on individual impact parameters. It is established
that the degree of wear of a cylindrical brush of 50% leads to an increase in the deformation of the cylindrical
brush by 1.3 times, and the required clamping force of the cylindrical brush by 3.1...3.6 times, depending on the
width of the contact patch.

However, the authors did not find any specific mathematical dependencies describing the wear regularity
of the cylindrical brush of the garbage truck's mounted sweeping equipment depending on its rotation frequency
as a result of the analysis of known publications.

Aims of the article

Investigation of the effect of the rotational speed of a cylindrical brush of a garbage truck's mounted
sweeping equipment on its wear.

Methods

The determination of the pairwise regularity of the wear of a cylindrical brush of the garbage truck's
mounted sweeping equipment on its rotation frequency was carried out by regression analysis. The regression
was determined on the basis of linearization transformations that allow us to reduce the nonlinear dependence
to a linear one. The coefficients of the regression equation were determined by the least squares method using
the developed computer software program "RegAnaliz", which is protected by a certificate of copyright law.
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The results

The values of the two-week period of wear of a cylindrical brush of the mounted sweeping equipment of a
garbage truck at different values of its rotation frequency are shown in Table 1 [11]. It was established for a contact
area of 2x2.38 mm?, pressure in the contact of 0.2462 MPa.

Table 1

Wear of the cylindrical brush of the garbage truck's mounted sweeping equipment
at different values of its rotation frequency [11].

Ne | Rotational speed of a cylindrical brush n, sec™! Cylindrical brush wear, mm
1 25.89 2

2 37.75 1.5

3 43.55 25.3

4 49.77 77.2

5 62.21 200

As a result of the regression analysis of the data in the Table 1, the regularity of wear of the cylindrical
brush of the garbage truck's mounted sweeping equipment on the frequency of its rotation was determined

u=0.4593+1.834-10*1>° [mm], (1)

where u is the wear of the cylindrical brush, mm; 7 is the rotational speed of the cylindrical brush, sec™.
The obtained regularity (1) can be used to create a mathematical model of the operation of the hydraulic
drive of the improved mounted sweeping equipment of a garbage truck, taking into account the wear of its working
bodies.
The results of the regression analysis are shown in Table 2, where the cells with the maximum values of
the correlation coefficient R for the pairwise regression are marked with gray color.
Table 2

Results of regression analysis of the dependence of wear of the cylindrical brush of the garbage truck's
mounted sweeping equipment on its rotation frequency

Ne | Type of regression | The correlation coefficient R | Ne Type 9f The coqelatlon
regression coefficient R
1 |y=a+bx 0.90344 9 |y=ax’ 0.88698
2 y=1/(a+bx) 0.75548 10| y=a+b-lgx 0.83080
3|ly=a+b/x 0.74532 11 | y=a+b-Inx 0.83080
4ly=x/(a+bx 0.64049 12|y=al/(b+x) 0.75548
5| y=ab* 0.91040 13 |y=ax/(b+x) 0.72063
6 | y=ae™ 0.91040 14 | y = ae’’~ 0.84135
7y=a-10” 0.91040 15| y=a-10""~ 0.84135
8|y=1/(a+be)* 0.45308 16 | y=a + bx" 0.99115

It has been established that the wear of a cylindrical brush of the garbage truck's mounted sweeping
equipment increases according to a power law with an increase in its rotation frequency.

For a Ukrainian-made sweeping machine of the serial model KO-713-01, which is equipped with a
cylindrical brush with a rotation speed of 3200 rpm, its wear according to the obtained dependence (1) will reach
the following value:

5,6
u=04593+1.834-10° (%) ~86.5 [mm].

Fig. 1 shows the graphical dependence of the change in wear of the cylindrical brush of the garbage
truck's mounted sweeping equipment on its rotation frequency, that was built using the dependence (1), which
confirms the sufficient convergence of the obtained dependence at the level of 0.99115 compared to the data
given in the Table 1.

From Fig. 1 it can be seen that reducing the rotation frequency of the cylindrical brush of the garbage
truck's mounted sweeping equipment from 62 sec™! (3700 rpm) to 26...38 sec™! (1550...2250 rpm) leads to a
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decrease in its wear by 2 orders of magnitude, which indicates the importance of identifying further ways to
increase its wear resistance.

Consideration of the effect of contact area and pressure in the contact on wear, as well as the development
of recommendations for the selection of wear-resistant brush pile materials for the garbage truck's mounted
sweeping equipment, require further research.

u,mm’
200
160

120

40

O

0 26 34 82 50 58 n,sec!

Fig. 1. Dependence of the change in wear of the cylindrical brush of the garbage truck's mounted sweeping equipment
on its rotation frequency: actual o, theoretical —

Conclusions

In the paper it is established a power law of change in the wear of the cylindrical brush of the garbage truck's
mounted sweeping equipment with its rotation frequency, which can be used to create a mathematical model of the
hydraulic drive of the improved mounted sweeping equipment of a garbage truck, taking into account the wear of
its working bodies. It has been determined that for a Ukrainian-made sweeper of the serial model KO-713-01,
which is equipped with a cylindrical brush with a rotation speed of 3200 rpm, its wear will reach 86.5 mm
according to the obtained dependence. Therefore, taking into account the effect of the contact area and pressure in
the contact on wear, as well as identifying further ways to increase the wear resistance of the cylindrical brush of
the garbage truck's mounted sweeping equipment, requires further research.
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Bepesok O.B., Capyask B.1., Xapaxkescbkuii B.O., CemiuacnoBa H.C., I'apoy3 €.C. BcranoBneHHs
3aKOHOMIPHOCTI 3HOCY IMJIIHAPHYHOI MIITKH HABICHOTO IiIMITaJFHOTO OOJNIaIHAHHS CMITTEBO3a BiJ] YACTOTH ii
oOepTaHHS.

CraTTd TpUCBAYCHA BCTAHOBICHHIO 3aKOHOMIPHOCTI 3HOCY MWIIHAPUYHOI WITKH HABICHOTO
MiAMIiTaNEHOTO O0JaJHAHHS CMITTEBO3A BiJ YacTOTH ii oOepTaHHSI. BHKOpHUCTaHHS MaTeMaTHYHOTO amapary Ta
BIAMOBITHUX MPOTpaM PErpeciiHOro aHaji3y JO3BOJIMJIO BU3HAYMTH CTEIEHEBY 3aKOHOMIPHICTH 3MIHH 3HOCY
UJTHAPUYHOT IIITKK HaBICHOTO ITiIMITAIEHOTO 00JIaJHAHHS CMITTEBO3a BiJl YacTOTH 1i 00epTaHHs, Ka MOXe OyTH
BUKOpPHUCTaHA IiJ 4Yac MOOYIOBH MaTeMaTH4YHOI MOJesi POOOTH TiJPONMPHBOAY BIOCKOHAICHOTO HABICHOIO
MiMITAILHOTO 00JIaTHAHHS CMITTEBO3A 13 YpaxyBaHHIM 3HOCY HOTO BUKOHAaBUMX opraHis. [ToOymoBana rpadiuyna
3JIEKHICTD 3MiHU 3HOCY MWJIIHAPUYHOI MIITKK HABICHOTO MiAMITaTbHOTO OOJIAHAHHS CMITTEBO3a BiJl YACTOTH ii
obOepTaHHA, fKa MiATBEpAWIAa JOCTATHIO 301KHICTP OTPUMaHOi 3aKOHOMIpHOCTi. ['padik BIIMBY YacTOTH
oOepTaHHs IWIIHIPUYHO! NIITKA HABICHOTO IMiJMITAIBHOTO OOJIQJHAHHS CMITTEBO3a Ha i 3HOC JEMOHCTpYE
JIOLUTBHICTD 11 3HMKEHHS. BCTaHOBIEHO, MO AJIS MiAMITaTbHOI MAIlIMHKM YKPaiHCHKOTO BHPOOHHUIITBA CEPiHHOT
mozaeni KO-713-01, sika ocHamieHa IIUIIHIPUYHOIO IIITKOIO 3 4acToTolo obepranHs 3200 06/xB, ii 3HOC 3a
OTPUMAHOKO 3aKOHOMIPHICTIO JocsraTuMe 86,5 MM. BUSABICHO, 1110 3MEHIIICHHS YaCTOTH 00SPTAHHSI T HAPUIHOT
ITKM HABICHOTO HiJAMiTAILHOr0 0OJNaJHAHHA cMiTTeBo3a 3 62 ¢! (3700 06/xB) 1o 26...38 ¢! (1550...2250 06/XB)
NPU3BOAMTH JO 3HIDKCHHS 11 3HOCY Ha 2 TOpsSAKH. BcTaHOBIEHa IOIUIBHICTE MPOBEACHHS TOJATKOBHX
JIOCITI/PKEHb 3 BUSBICHHS MOJANBIIMX NULIXIB MiJBUIICHHS 3HOCOCTIMKOCTI MHJIIHAPUYHOI HIITKA HABICHOTO
MAMITaILHOTO 00IagHAHHS CMITTEBO3A.

KuarouoBi cioBa: 3HOC, yacToTa OOepTaHHs, HaBiCHE MiIMiTalbHE OOJAaJHAHHS, IWIHIPUYHA IIiTKA,
CMITT€BO3, 3aKOHOMIPHICTB, PETPECIHHUN aHAai3.
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Abstract

The problem of researching mechanisms of wear of valve mechanism parts remains very relevant due to
the need for constant improvement of the design and increase in durability of internal combustion engines. The
paper provides an overview of modern research on the following issues: analysis of operating conditions and
malfunctions of the valve mechanism of the internal combustion engine, research on friction and wear of valve
mechanism parts, repair and restoration technologies, increasing the wear resistance of engine valves, modeling,
calculations of valve mechanism parts. It is shown that an important aspect for the analysis of the wear resistance
of valve mechanism parts is the operating conditions and the nature of damage to the surfaces of the friction pair
parts. The existing hypotheses about the mechanisms of friction, lubrication and wear of valve mechanism parts
are considered, the designs of test stands are given, and the results of tribological tests are analyzed. It is
substantiated that the technological methods of surface engineering are becoming an increasingly viable alternative
to structural changes to improve the performance of valve mechanism parts. An overview of calculation methods
for assessing the stress and thermal state of valve mechanism parts of internal combustion engines is provided.

Keywords:internal combustion engine, valve, guide, damage, restoration, wear resistance, modeling,
finite element method

Introduction

The engine valve is a responsible part of every internal combustion engine and gas distribution mechanism.
The valve mechanism is responsible for the harmonious operation of the engine, controlling the quality of the
following processes: timely supply of fuel to the combustion chambers, removal of spent fuel - exhaust gases.

The main principle of operation of the engine valve is to create the necessary hermetic conditions in the
chamber at the moment when the fuel mixture ignition procedure takes place. During operation of the power unit,
such parts are subjected to special loads. The number of valves depends on the specific engine. Most often, engines
with four valves are installed in modern vehicles: two intake and two exhaust.

Automotive engine valves must meet the following characteristics:

1. Ensure a hermetic connection in connection with the saddle.

2. Do not be negatively affected by corrosion even when moisture gets inside.

3. Provide high resistance to shock loads, mechanical damage during operation.

4. Provide effective heat transfer.

5. To have a small weight, without creating an additional load on the unit, to be a strong, rigid part.

The valve mechanism consists of a spring made of steel, a seat, a sleeve and a mechanism responsible for
fixing the rotary device. During operation of power units, the base of the exhaust mechanism is exposed to high
temperatures up to 500-700 degrees.

As a result of valve guide wear, the following valve damage and sealing problems may occur: burnt valve
heads; cracks in the valve stem; cracks in the grooves for valve crackers; excessive wear of valve stem ends; worn
on one side of the rocker arm; increased oil consumption due to wear of valve stem seals; worn or burnt valve seat
rings.

Copyright © 2024 O. A.A. Vychavka, O.V. Dykha, M.V.Hetman. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
C original work is properly cited.
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If there is too much clearance or uneven, conical or tubular wear, the valve guides must be replaced.
Deformed valve guides strongly affect valves with a stem diameter of less than 8 mm. If the guide is deformed,
the valve head is off-center on one side of the valve seat and is pulled into the seat by the force of the valve
spring. After some time, this can lead to valve failure. Under the action of the variable load that occurs during
bending, the valve breaks at the junction of the rod and the valve head. When using rocker arm or balancer
actuated valves, deformed valve guides cause increased radial force to be applied to the valve stem. As a result,
the valves break in the area of the groove for the valve wedges. The problem of researching mechanisms of wear
of valve mechanism parts remains very relevant due to the need for constant improvement of the design and
increase in durability of internal combustion engines. In this work, a review of the results of modern research on
the wear resistance of the parts of the valve mechanism of various engines in operational and laboratory modes
of operation is carried out. The review was carried out in the following directions: analysis of operating
conditions and malfunctions of the valve mechanism of the internal combustion engine, research of friction and
wear of valve mechanism parts, repair and restoration technologies, increasing the wear resistance of engine
valves, modeling, calculations of valve mechanism parts.

Analysis of operating conditions and malfunctions of the valve mechanism of the internal
combustion engine

An important aspect for analyzing the wear resistance of valve mechanism parts is the operating conditions
and the nature of damage to the surfaces of the friction pair parts. Research [1] is focused on different failure
modes of internal combustion engine valves. The closed valve is loaded by the force of the spring and the pressure
inside the cylinder, which periodically changes during engine operation and reaches a peak value of the order of
15 MPa. This high pressure inside the cylinder causes the valve cone to bend, resulting in slippage and improper
contact between the valve face and the seat insert, ultimately leading to wear.

Exhaust valves operate at very high temperatures and are subjected to cyclic loads. The failure of the conical
valve surface is mainly caused by elastic and plastic deformation and fatigue. The exhaust valve stem usually fails
due to overheating as the temperature of the exhaust valve is around 720 °C.

At high loads, multiple cracks are initiated if the valves are exposed to high temperatures, and under these
operating conditions it would be logical to expect failure to occur within several million cycles. The broken valve
stem is shown in Fig. 1.

Fig. 1. The edge of the fracture surface of the valve stem

Considerable hardness is lost due to overheating and surface oxidation and galling of the valve stem occur.
Fatigue properties of the alloy suffer from high temperature. This is the reason for the initiation of multiple fatigue
cracks. Faulty exhaust valves are shown in fig. 2.

Fig. 2 General appearance of valve damage
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It has also been found that wear usually occurs on the valve seat surface and on the stem due to sliding
within the stem guide. The rate of wear increases with the number of cycles. Erosion-corrosion failure of exhaust
valves is also a recognized failure mode of internal combustion engine valves.

An analysis of exhaust valve failures was carried out in [2].diesel engine. A visual inspection of the
damaged engine parts showed that the fracture of the exhaust valve showed signs characteristic of fatigue failure.
Additional observations of the crack initiation zones showed that the origin of the crack was not covered by
material defects orcorrosion products. Nonlinear finite element analysis was used to explain the cause of premature
valve failure. The results of the stress analysis performed on the soot valve showed that high bending stresses
occur in the valve stem.

The car had a diesel engine failure with a mileage of 230,000 km. Damaged 4-cylinder turbocharged piston
engine, fatigue failures of exhaust valves in this engine occurred at significantly higher mileage (600-900 thousand
km).

Fig. 3. View of the details of the damaged diesel engine valve

After the breakdown, the engine was disassembled. A piece of the exhaust valve was found in the engine
head (part No. 1, Fig. 3). The second piece of the damaged valve (part #2, Fig. 2) was driven into the upper surface
of the piston. In fig. 3 shows the depressions formed after the collision of the broken valve head with the piston.
The third piece, the damaged valve (head), was lost during the engine repair, so it is not shown. Therefore, the
problem of the destruction of the exhaust valve of the diesel engine was investigated. A visual inspection of the
damaged valve revealed that fatigue cracks had formed in the valve during engine operation.

Gasoline direct injection (GDI) engines have a well-known tendency to develop intake valve deposits
(IVDs), regardless of operator maintenance, engine architecture, or cylinder configuration [3]. The process of
deposit formation is not sufficiently studied and there is no standardized engine test to study the effect of variable
fuel composition or lubricants.

Since the fuel is injected directly into the combustion chamber and not into the intake valve like in PFI
engines, there is no longer the washing action of the fuel and the cleaning additives contained in the fuel to keep
the intake valves free of deposits. Possible intake valve deposits now build up steadily over time until they affect
engine performance, often with disastrous results. In fig. 4 shows the direct fuel injection system with the position
of the fuel injector relative to the intake valve.

Fig. 4. Direct fuel injection system

Due to the lack of a fuel flushing process, characteristic of engines with port fuel injection, deposits constantly
accumulate over time and can lead to poor combustion, unstable operation, valve sticking or engine failure (Fig. 5).
Vehicles using these engines often have to undergo expensive maintenance to mechanically remove the deposits that re-
form over time. On a car equipped with a 2.0-liter GDI turbo engine, the mechanisms leading to the formation of
deposits were studied and analyzed. It has been determined to be a combination of engine oil, engine wear,
unburned fuel and exhaust pollutants. It was also found that the rate of accumulation is affected by the composition
variables of the motor lubricant.
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Fig. 5. Deposits oh intake valves

The dynamic development of the design of internal combustion engines creates the need to introduce
operation strategies based on information about their technical condition. The article [4] analyzed the problems
associated with the vibration diagnosis of the valve gap of the internal combustion piston engine, which is
significant from the point of view of efficiency and durability. Classification methods are proposed for evaluating
valve clearance. Experiments aimed at providing information necessary for the development and verification of
the proposed methods were performed and described. In the conducted studies, vibration signals were obtained
from a triaxial accelerometer located in the head of the engine cylinder block.

a) b)

Fig. 6. a) Orientation of vibration measurement directions on the cylinder head, b) view of the vibration sensor
installed on the cylinder head

The selection of the vibration measurement point (Fig. 6) was preceded by an analysis of the design of the
cylinder head, studies related to the determination of the influence of the valve clearance of the diesel engine on
the selected vibration parameters. The received vibration signal was parameterized for the engine operating under
different engine loads, rotation frequency and valve clearance settings. The parameterization concerned the
characteristics of vibration signals, the derivative of the vibration signal as a function of time, as well as the
envelope of this derivative. Based on the conducted research and analysis, a methodology for assessing the valve
gap is proposed.

In work [5] malfunctions of automobile valves were considered. Changes in valve microstructure were
studied and analyzed using a scanning electron microscope (SEM). Samples were made from failed engine valves,
while new valves were also analyzed for comparison. This was done by analyzing images of defective and new
valve samples at sufficient magnification. A comparative analysis of the microstructures of defective valves and
new valves showed that the grain size and distribution of carbide particles in the material matrix are affected by
high temperature conditions. The microstructure of the valve material shows noticeable changes after working at
high temperatures. The grain size of the material also changes at high temperature, which reduces the hardness of
the valve material and causes more wear.

The article [6] presents an analysis of elements of internal combustion piston engines that interact with the
combustion chamber. An assessment of the state of tribological nodes: valve stem - valve guide and valve head -
valve seat in random operating conditions was carried out. The image of wear and damage of parts of
tribological nodes was studied (Fig. 7).

Fig. 7. Pathological wear of the guide part of tile intake valve stem from the head side
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Analysis of digital images of real objects was carried out using an optical microscope and measurement
of macro- and microgeometry. Identification of the main wear processes was carried out.

Study of friction and wear of valve mechanism parts

In the article [7], he proposed a multifunctional device for determining wear for the study of tribological
characteristics of connections of the valve mechanism of the engine (Fig. 8). The device uses a mechanical load
system, which consists of a special eccentric wheel and disk springs that simulate the load from the engine
combustion chamber, as well as simulate the contact loads of the valve mechanism elements. The test bench has
three functions for different studies using specially designed instruments. The first function aims to evaluate the
interaction between the valve seat surface and the seat insert at high temperatures and loads. The second function
is used to investigate the friction and wear properties of the valve stem and valve guide. The third function is
designed to evaluate the performance of valve seals. Tests were conducted using the proposed experimental
complex. It was established that the wear mechanisms occurring in the studied friction pairs are a combination of
oxidative wear, adhesive wear, and fatigue delamination.
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Fig. 8. Experimental complex of tests of friction pairs of the internal combustion engine valve mechanism: 1 -
hydraulic control system, 2 - hydraulic pump, 3 - hydraulic control panel, 4 - oil pressure in the hydraulic
accumulator system, 5 - pressure indicator, 7 - pump cooling system, 9 - exhaust system, 10-rotor valve, 15- strain
gauges, 16- hydraulic drives, 19- stand for testing holders, 20- gas mixer, 25- cylinder, 26- compressor

S

In fig. 9 shows the results of SEM analysis on the valve surface. After the tests, no signs of cracks or
corrosion pits were observed. Quantitative analysis using energy dispersive spectroscopy (EDS) was performed
on different areas of the valve surface.

C ) )

Fig. 9. Microscopic analysis of the valve surface before and after the tests

As a result of repeated loads and high temperature, the valve seat material became detached and adhered to
the valve surface. This was confirmed by microscopy when additional material was observed attached to the valve
surface (Figures 9a and 9b). A stellite coating was preserved on some parts of the valve surface (Figs. 9d and 9e).
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A lightweight valve is often made of TiAl alloys, and its stem can be solid or hollow. Such valves can be
connected to guides made of cast iron or phosphor bronze under different conditions in the contact zone. The
purpose of the study [8] was to measure the frictional force in the sliding contact between a valve stem made of
TiAl alloy and its guide made of phosphor bronze in the absence of oil. The load on the contact zone changed
periodically during the series. During the tests, the displacement and acceleration of the valve were measured, as
well as the force when it hit the saddle insert. In addition, the sound level was measured. Tests were conducted for
different frequencies of the driving force. In addition, research was carried out on a pin-on-disc tribotester with a
pin made of Ti6Al4V alloy and a disc made of phosphor bronze. A model of a research stand for modeling the
dynamics of a rotating plate assembly of a material sample has been developed. The purpose of such studies was
to obtain values of the coefficient of friction for such a tribological/ The article presents the obtained dependences
of the coefficient of friction on the load, sliding speed, and duration of movement of the material sample.

Growing requirements of environmental legislation are changing the operating conditions of the valve
mechanism in heavy-duty engines. Increased pressure, higher temperatures and a smaller amount of soot that can
form a protective film are the main problems in these mechanisms. Three pairs of valves and valve seat inserts
with the same material and structural properties, but with different operating conditions, were analyzed in [9] to
investigate the wear process. The identified wear mechanisms were a combination of oxidation and adhesive wear,
which was observed in the form of material transfer. Tribofilms with a thickness of 1 to 5 um, consisting of Ca,
0O, P, S, and Zn, were found on the surfaces of the sample. The film in all cases protected the surface from wear,
but in some cases it had a corrosive effect.

The efficiency of the valve mechanism of the engine largely depends on the valve guide. The choice of
material is influenced by the extended life of the engines, which favors the use of casting and finishing materials
such as cast iron. The purpose of the study [10] is to study the dry sliding characteristics of GG25 cast iron with
copper additives. It has been established that changes in load and sliding speed affect the wear characteristics is of
primary importance. The loads varied by 30 N, 40 N and 50 N, maintaining a constant speed of 1 m/s. Next, the
sliding speeds of 0.5 m/s, 1 m/s, and 2 m/s were changed, maintaining a constant load of 30 N. In the course of the
research, friction forces and the friction coefficient were also determined. The wear mechanisms of the samples
were checked using a scanning electron microscope in combination with EDX analysis. The study highlights the
significant influence of normal load and sliding speed on wear. In conditions of moderate load and speed, the
influence of normal load is more significant. However, as sliding accelerates, it becomes the dominant factor. The
analysis of friction forces and the coefficient of friction showed that under load conditions of 30 N—50 N, the
coefficient of friction increased from 0.238 to 0.43.

In addition to the problems of valve guide wear, one of the most common problems is the study of valve
seat wear, which researchers pay a lot of attention to. In [11], an experimental approach to solving valve and seat
wear problems is described. The test bench contained sample valves and seat inserts simulating combustion loads
and a cylinder head to study the impact effect on valve closing without applying combustion loads. Bench tests
make it possible to evaluate the impact of changes in design and operating parameters with less time spent than
when testing an engine.

Valve wear has been a problem for engine designers and manufacturers for many years. Although new
valve materials and manufacturing techniques are constantly being developed, these advances are outpacing the
demands for increased engine performance. The objective of [12] was to establish the effect of engine operating
parameters on diesel engine intake valve wear and to test seat materials using test equipment designed to simulate
load environments and contact conditions. Valve wear has been shown to increase with combustion load, valve
closing speed, and valve displacement. Two of the tested materials have increased wear resistance. These are
martensitic aging steels and ductile cast irons. Both showed significantly higher wear resistance than other tested
materials.

In [13], the wear of the seating surfaces of the exhaust valve and the seat insert was investigated, which
affects the engine performance depending on the mileage (number of cycles). All other parameters such as
temperature (350 °C), fuel (LPG) and load (1960 N) were fixed. Exhaust valves and seat liners were used as test
specimens. Tests with showed that the average maximum valve roughness increased at a rate of 7.76 um/106
cycles. The products of the tribochemical reaction coated the metals of the valve and seat inserts, preventing wear,
and included O, V, S, and Al. The wear mechanism of the valve and seat insert was investigated using a
tribochemical reaction.

Engine valve seat wear affects engine performance. Improving valve quality and valve life is a common
goal for both valve and engine manufacturers. By performing tests on a valve seat wear simulator, [14] investigated
the effects of cycles, load, and temperature on intake valve seat wear. Test temperatures ranged from 180 to 650
°C, number of cycles varied from 150,000 to 3,420,000, and test loads were applied from 6,615 to 24,255 N. The
relationship between valve seat and insert wear as a function of cycles, load, and temperature was determined
experimentally. . A load-dependent wear transition was found to exist, implying different wear mechanisms
operating in these different regions. Higher temperatures resulted in less saddle wear. Inlet valve seat/insert wear
mechanisms were found to be a complex combination of adhesion, shear deformation, and abrasion. Oxide films
formed during testing were found to play a significant role. They can prevent direct metal-to-metal contact and
reduce friction and wear.
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Ball reciprocating tests on a flat surface were performed on prepared sections cut from cast iron, silicon
nitride, and composite graphite valve guides over a given range of temperatures, normal loads, speeds, and
lubrication conditions [15]. The goal was to find out if the ceramic composite would create a lubricating film on
the surface and serve as a self-lubricating material. Stainless steel type 440C was used as the counterbody material.
Tests were also performed using graphite powder on a silicon nitride matrix material to determine what frictional
behavior could be observed in the most favorable case. Friction and wear data combined with surface chemical
analysis confirmed that the current composite, despite its wear resistance, does not provide any lubrication benefits
over silicon nitride itself.

Lightweight valves are commonly used in modern internal combustion engines with cam and camless
camshafts. They can be made of TiAl and Ti6Al4V alloys. The stems of such valves can be covered with a
protective layer obtained by nitriding, chrome plating or others. Rods can be connected to guides made of cast
iron, phosphor bronze or beryllium bronze. Coupling can occur under conditions of mixed friction with a different
proportion of lubricant. Research of the valve mechanism was carried out in a tribotester [16].
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Fig. 10. Unit model: 1 — fixed part of the drive, 2 — moving coil, 3 — hinge, 4 — valve, 5 — guide, 6 — additional
load, 7 — seat insert
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A model of the unit was developed (Fig. 10), which consisted of valve 4 and a moving coil 2 of the actuator
and is presented in Fig. 3. The displacement x of such a coil parallel to the axis of the stationary part 1 of the drive
was assumed to be equal to the displacement of the valve obtained during its measurement in the tester. Such
displacement is limited by the settlement of the seat insert 7. The valve is loaded with an additional weight 6,
which causes a force G, perpendicular to the axis of the guide 5. The valve can also wobble by an angle a, within
the limits limited by the gap between the valve stem 4 and its guide 5. Such wobble is allowed due to the presence
of a spherical joint 3.The studied valve was set in electromagnetic motion for different strokes and frequencies of
the valve. Contact took place in the absence of oil. The valve was loaded with additional mass to create a normal
force between the valve stem and its guide. The acceleration and displacement of the valve, the impact force of
the valve on the seat insert, the friction force between the valve stem and its guide and the sound level were
measured. The purpose of the research is to obtain and compare the values of the coefficient of friction between
the cast iron guide and the Ti6Al4V valve stem for a certain number of valve strokes and frequency. The leg under
study can be bare or covered with a layer of Cr or nitriding. An analytical model was developed to calculate the
contact pressure and friction force between the valve stem and its guide for the mixed friction conditions that occur
for the selected engine oil and the movement of the valve relative to its guide.

In work [171], experiments were conducted using a high-temperature tribological test system (Fig. 11). For
this experiment, an exhaust valve made of a nickel-based alloy called Pyromet was machined into a flat disc, and
a sample pin was made of a Co-based alloy (Stellite). The pin had a spherical end with an initial radius of 9.53
mm and the test was carried out under a normal force of 1710 N at a sliding speed of 0.1 m/s. Sliding was performed
for 60 seconds at each of the following temperatures: 450, 550, 650, 750, 800, 850 o C.

Fig. 11. High-temperature sliding friction and wear test system.

The growing demand for more powerful internal combustion engines has led to higher temperatures in the
combustion chamber. As a result, TiAl valves have been investigated for use in a natural gas diesel internal
combustion engine, taking advantage of their low density and high temperature resistance. In [18], comparative
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bench tests of traditional steel valves and TiAl valves were conducted using a specially designed apparatus for
testing wear. Compared to traditional valves made of heat-resistant steel (X60, X85), TiAl valves have 50% less
weight, which leads to a decrease in resistance during engine operation. By reducing the inertia of the engine valve
movement, the dynamic characteristics of the engine valvetrain system can be optimized. Each contact pair of the
valve and seat insert has been tested for 3 million impact cycles. Compared with the austenitic exhaust valves
(X60) tested at 700°C, the TiAl valve had better wear resistance and the wear loss was reduced by 24.8%. The
dominant wear mechanism is considered to be a combination of oxidative wear and adhesive wear. However, for
the intake valves tested at 400°C, the wear loss of the TiAl valve was three times higher than the martensitic intake
valves (X85). The predominant wear mechanism can be defined as abrasive wear and adhesive wear (Fig. 12).

Fig. 12. (a) Worn surfaces of valve seat insert; (b) magnified image of worn surfaces and EDS S4-C test area.

Thus, it is concluded that the TiAl exhaust valve is a potential solution for a diesel engine running on
natural gas.

Technologies of repair, restoration, increase of wear resistance of engine valves

The article [19] presents the results of tribological research on a promising method of restoring and
increasing the wear resistance of engine valves by the method of gas nitriding. It was established that with
increasing operating time, the guide bushings of the output connections wear out with the displacement of the axis
of the form-forming surfaces of the hole. It has been proven that the uneven wear of the bushing hole is determined
by the imbalance of the forces acting on the side of the rocker arm. Distortions of the valve in the longitudinal axis
of the engine contribute to a decrease in the tightness of valve pairs. Technological means and methods of
improving the quality of repair, measuring devices for accurate research of the parameters of parts and connections
of the valve group are presented. A method of nitriding with an installation for its implementation has been
developed, which provides an environmentally friendly method of low-temperature and high-temperature
hardening, obtaining deeper and well-developed layers of the diffusion near-surface zone.

In an internal combustion engine, a system of valves controls the flow of gases into and out of the
combustion chamber. The contacting surfaces are subjected to a severe tribological situation with high
temperatures, high-velocity impacts, corrosive environments, and high clamping forces, causing micro-slip at the
interface. Work surfaces must withstand hundreds of millions to billions of operating cycles, resulting in extreme
requirements for low wear. Such low wear rates can be achieved due to the protective action of tribofilms formed
from oil residues, avoiding pure metal-to-metal contact.

One way to combat random behavior may be to promote the reliable operation of protective tribofilms by
texturing valve seal surfaces to improve grease capture and storage [20 ]. At the same time, depressions
perpendicular to the slip are created (Fig. 13).

Fig. 13. Appearance of the textured surface of the valve after 100,000 cycles.
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The number and localization of tribofilms became more stable than without texture, which led to a decrease
in surface wear. For the same width, deeper depressions showed less delamination of the tribofilm.

Article [21] is devoted to the issues of friction, lubrication and wear of internal combustion engine parts,
the improvements of which provide an important increase in energy efficiency, productivity and durability of
internal combustion engine systems. The paper considers the process of reducing friction with surface textures or
coatings. The paper also discusses surface engineering technologies such as diamond-like carbon coatings and
surface texturing technology. Information is also provided on thermal spraying techniques that have led to
improvements in engine parts. The wear of the piston unit, valve mechanism, cylinders, engine bearings is
described. A detailed analysis of the wear mechanisms of the intake valve and seat of the internal combustion
engine is given.

Since surface engineering is becoming an increasingly viable alternative to design changes made to increase
the efficiency of internal combustion engines, various types of coatings for internal combustion engine parts have
been proposed and tested in [22]. One of the vital organs is the engine valves, which during operation are subjected
to combined thermal, mechanical, corrosion and wear, which lead to severe corrosion and complete failure. In this
paper, the valve wear aspects were analyzed and the active surfaces were coated by atmospheric plasma sputtering
(APS) with two commercial powders: Ni-Al and YSZ. A microstructural analysis of these layers was carried out,
as well as observations regarding the possibility of their use as a thermal barrier and antioxidant coatings.

Modeling, calculations of valve mechanism details

The production of additive layers of metal components provides significant opportunities to reduce the
weight of parts in order to increase the fuel efficiency or performance of the vehicle. In the article [23], filling
materials are considered to reduce the weight of intake or exhaust valves of an internal combustion engine. Micro-
computed tomography (u-CT) was used to reverse engineer the original component and assess the internal
geometry and material integrity of the valve (Fig. 14.).
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Fig. 14. Results of valve design analysis

The valve has been redesigned using Finite Element Analysis (FEA) to select a lightweight weighted design
that provides a weight savings of 9.4g (20%) compared to the original equipment valve. The engine was tested for
more than 175,000 cycles at 2,000 to 9,500 rpm, after which p-computed tomography confirmed no signs of
internal cracking, failure, or significant deformation.

The article [24] describes the concept of a non-invasive method for diagnosing the value of valve clearances
in internal combustion engines, based on the analysis of engine surface vibration signals using artificial neural
networks. The applicability of the method was tested on a single-cylinder compression-ignition engine with a low
power rating, which had an indirect valve-acting valve timing mechanism and manually adjusted valve clearances.
The method uses the readings of vibration sensors as diagnostic signals, which record the acceleration of the engine
head depending on the angle of rotation of the crankshaft, with pre-set values of valve clearances measured in a
cold state. Among the registered signals, the components corresponding to the impact of the rocker arms on the
valve stems were identified, and low frequencies were filtered out in order to eliminate measurement interference.
A classifier of selected features of the processed signals was built using artificial neural networks. This classifier
recognizes signals generated by engines with the correct valve clearance, as well as engines with too much and
too little valve clearance.

In the article [25], a study of the causes of engine intake valve damage was conducted, during which the
intake valve heads were overheated and deformed as a result of material creep. On the example of a malfunction
detected in the analyzed engine, it was established that traditionally known causes, such as a failure of the
combustion process, cannot cause the described damage. In order to determine the real causes of damage to the
intake valves, the authors simulated the thermal state of the intake valve under cooling conditions with the
influence of gas in the cylinder and the influence of air in the intake pipeline, as well as contact heat exchange
with the seat, taking into account the thermal conductivity along the stem. The calculations showed that with an
increase in the rotation frequency, the failure of the control system leads to an increase in temperature higher than
recommended for the materials used. Based on the conducted research, the authors have developed
recommendations for increasing the reliability of intake valves with variable gas distribution phases.

In [26], a methodology for the analysis of valve wear of internal combustion engines is proposed, which is
the result of the combined use of numerical and experimental methods. Numerical solutions are obtained using a
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specialized finite element method where a solution contact algorithm is used to model the flexible-flexible contact
along with the adhesive wear law. Experimental results are obtained on a wear test rig specially designed to
evaluate wear parameters under valve operating conditions. A good agreement was found between the
experimental wear profiles and the numerical calculations of the wear on the contact surfaces.

In [27], engine reliability was improved using Al-Sic composites for engine guide valves. Aluminum matrix
composites turned out to be the most suitable for the automotive industry. Finite element analysis of Al-Sic
composite with titanium alloy (Ti-834), copper-nickel silicon alloys (CuNi3Si) and aluminum bronze alloy as
alternative engine valve guide material was performed using Ansys 13.0 software. The finite element method is
one of the most widely used methods for analyzing mechanical load characteristics in modern engineering
components. The directional valve model was modeled as shown in Fig. 15. A finite element model was built to
analyze the guide valve.
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Fig. 15. Finite element model of the valve stem-guide bush connection

The stress analysis of the engine valve guide at different pressures and temperatures was carried out. The
pressure is taken from 10 MPa to 100 MPa with different temperatures from 600C to 650° C. It was found that the
stresses were significantly lower than the allowable for all materials, but Al-Sic composites were found to be the
most optimal.

In diesel engines, the valve seat contact is one of the few non-lubricated contacts subject to significant
deterioration. This deterioration is confirmed by the removal of material on the intake valve. Wear and tear can
lead to gas leaks and engine failure. The purpose of the work [28] was to determine the main parameters affecting
this wear. The approach was based on the tribological triplet and material flows within the contact, using both
numerical and experimental approaches. A dynamic model and valve train test bench showed that wear flows can
be activated by the architecture of the valve opening system. Therefore, limiting these flows can be achieved by
controlling the geometry of the system without changing the properties of the materials. In the same way, the finite
element model of the local response of the seat-valve contact emphasized the influence of the "local" contact
geometry. Tests carried out on the engine and on a specially adapted test bench completed the understanding of
the degradation and wear mechanisms. The morphological interpretation of the worn surfaces from the point of
view of material flows made it possible to understand the stages of the build-up of the protective layer.

As noted in [29], intake and exhaust valves are important engine components used to control intake and
exhaust gas flow in internal combustion engines. They are used to seal the working space inside the cylinders and
are opened and closed by means of a valve mechanism. These valves are loaded by spring forces and subjected to
thermal stress due to high temperature and pressure inside the cylinder. The study is devoted to various types of
failure of internal combustion engine valves: due to fatigue, exposure to high temperature, shock load.

Static and thermal analysis was performed on the valve (Fig. 16) by changing two materials at 5000 cycles.
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Fig. 16. Static analysis of the valve mechanism
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The rapid aggravation of environmental legislation in recent decades has forced engine manufacturers to
radically modify the design of parts of the gas distribution mechanism. In works [30-31] it was shown that sliding
in the valve sealing area is one of the main causes of wear. Sliding wear is expected to play an even more important
role in modern engines.

Experimental data obtained using a special technique on a test bench are presented. Experimental data are
supplemented by FEM modeling. The simulation involves checking the sliding behavior of the valve seal area on
a test bench and investigating how different parameters affect the sliding length. These parameters include
combustion pressure, contact angle, contact length, valve head thickness, friction coefficient, run-in wear, and
change in modulus due to temperature variations.

Conclusions

1. The valve mechanism is responsible for the coordinated operation of the engine, controlling the timely
supply of fuel to the combustion chambers, the removal of spent fuel.

2. As a result of wear of the valve guide, the following valve damage and sealing problems may occur:
burnt valve heads; cracks in the valve stem; cracks in the grooves for valve crackers; excessive wear of valve stem
ends; worn on one side of the rocker arm; increased oil consumption due to wear of valve stem seals; worn or
burnt valve seat rings.

3. The efficiency of the valve mechanism of the engine largely depends on the wear resistance of the valve
guide. The problem of researching mechanisms of wear of valve mechanism parts remains very relevant due to
the need for constant improvement of the design and increase in durability of internal combustion engines. In
addition to the problems of valve guide wear, one of the most common problems is the study of valve seat wear,
which researchers pay a lot of attention to.

4. Technological methods of surface engineering are becoming an increasingly viable alternative to
structural changes made to increase the efficiency of internal combustion engines, including valve train
components. To extend the service life of valves and guide bushings, a variety of modern technologies are used to
increase wear resistance, restore the worn layer, and ensure reliable lubrication in various operating conditions.

5. To analyze and predict the durability of the friction nodes of the valve mechanism parts, calculated
estimates of the structural characteristics of the mechanism, stress and thermal state are widely used. Numerical
methods, in particular the method of finite elements, occupy a predominant place.
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BuuaBka A.A., luxa O.B., 'erbman M.B. Anaiiz TpuOoOTiYHHMX acleKTiB B MPOILeCi eKcIuryaramii i
PEMOHTI JeTalieil KJlanaHHOro MEXaHi3My JBUT'YHa BHYTPIIIHBOTO 3rOpaHHS

[Ipobnema nocnimKeHHs] MEXaHi3MIB 3HOIIYBaHHsI eTaleil KIaaHHOTO MEXaHi3MYy 3aJIMIIAEThCS BETbMHU
aKTyaJIbHOIO BHACJIZIOK TOTPeOM HEBINMHHOTO BJOCKOHAJICHHS KOHCTPYKLII 1 MiABHMIIEHHS JOBrOBIYHOCTI
JIBUTYHIB BHYTPIITHBOTO 3ropaHHsi. B po0oTi mpoBeneHnit orisi cy4acHUX IOCHIHKEHb 3 HACTYIHHUX IHTaHb:
aHalli3 yMOB eKCIDIyaTamii Ta HECHpPaBHOCTEH KIAIAHHOTO MEXaHi3My NBUTYHAa BHYTPIIIHBOTO 3TOPaHHS,
JOCTIKCHHST TEpTSA Ta 3HOIITYBAaHHS JeTalell KIAIaHHOTO MEXaHi3My, TEXHOJIOTii PEeMOHTY, BiIXHOBIICHHS,
TiABUIICHHS 3HOCOCTIMKOCTI KIJIANIaHIB JBUTYHA, MOJICTIOBAHHSI, PO3PAxXyHKH NETalel KIAaHHOTO MEXaHi3My.
Iloka3aHo, M0 BaKJIMBHM AacleKTOM JUIA aHaNi3y 3HOCOTIMKOCTI JeTajei KIAIaHHOTO MEXaHI3My € YMOBH
eKCIUTyaTaliii Ta xapakTep IMOIIKO/KCHb MOBEPXOHB NeTajiel Mapu TepTsa. PO3TIHYTI iCHYIOWI TimoTe3w mpo
MEXaHI3MH TepTs, 3MalleHHs Ta 3HOIIYBaHHS JeTaleil KJIANmaHHOTO MEXaHI3My, HaBe/leHI KOHCTPYKII{
BUNPOOYBaIbHUX CTEH/IB, MPOAHATI30BaHi PE3yJbTaTH TPUOOJOTIYHMX BHUIpPOOyBaHb. OOrpyHTOBaHO, IO
TEXHOJIOTIYHI METOJU 1H)KEHEPii MOBEPXHI CTAIOTh BCE OUIBIN KUTTE3ATHOIO ANBTEPHATHBOI KOHCTPYKTUBHUM
3MiHaM JIs TiJBHUIIEHHS Mpale3/1aTHOCTI JeTajeld KiamaHHOTO MexaHi3My. HaBeneHuil ornsin po3paxyHKOBHX
METOJIMK OLIHKM HaNpy)XEHOTO 1 TEIUIOBOTO CTaHy JeTajell KJalaHHOTO MeXaHi3My JBHUIYHIB BHYTPIILHHOTO
3rOpaHHs.

Kewwords: ABUTYH BHYTPIIIHHOTO 3rOPAHHS, KJIATaH, HAMPSIMHA, MOIIKOKCHHSI, BIHOBICHHS,
3HOCOCTIMKICTh, MOJAEIIOBAHH, METOJI CKIHYEHNX €JIEMEHTIB
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Abstract

This paper searches for optimal values of resistance welding parameters of composite wires to increase the
durability of agricultural machinery shafts. The optimization parameter was chosen to be the adhesion strength of
the composite coating to the base of the part. The adhesion of the composite coating to the base material was
evaluated using the normal tear method. To determine the optimal modes of applying composite coatings, an active
experiment was conducted using mathematical planning methods. The obtained response surfaces and graphs of
equal yield lines made it possible to establish the influence level of the research factors on the optimization
parameter. To analyze the influence of factors on the optimization criterion, scatter graphs with histograms were
constructed, which allows to graphically determine the rational values of the selected optimization criterion — the
adhesion strength of the composite coating to the base during resistance welding of composite wires. The
implementation of the central composite plan 25 made it possible to establish the influence of the resistance
welding parameters of composite wires (welding current strength; pressure on the electrodes; duration of the
current pulse and pause; linear speed of the part rotation) on the adhesion strength of composite coatings to the
base and determine their rational values.

Key words: resistance welding, composite coating, adhesion strength, agricultural machine shafts, optimal
parameters.

Introduction

The technical condition of agricultural machines largely depends on the technical condition of their friction
units. But today, there are still friction units of agricultural machines that are not sufficiently adapted to real
operating conditions. This is evidenced by the fact that the service life of, for example, shafts is significantly lower
than the service life of the machine as a whole [1]. Therefore, to increase the service life of agricultural machinery,
it is advisable to increase the durability of shafts. One of the ways to solve this problem is to use technological
methods to increase the wear resistance of parts [2]. Paper [3] proved the feasibility and effectiveness of using
resistance welding when applying composite ceramic-metal coatings to the working surface of agricultural
machinery shafts operating under abrasive wear.

For the restoration of cylindrical surfaces, various methods of surfacing, gas-flame and plasma spraying,
electrolytic deposition, and resistance welding are mainly used [4]. Wide opportunities for increasing the durability
of parts are opened up by the use of resistance welding and powder brazing, which has the following undeniable
advantages [5]: high productivity; minimal losses of filler material (during welding and subsequent processing,
losses do not exceed 5%); practically no burnout of chemical elements of the filler material; insignificant thermal
effect on the part (the zone of thermal influence does not exceed 0.3 mm); the ability to apply a thin, dense, pore-
and shell-free layer of metal with high hardness and with minimal allowance for machining.

Copyright © 2024 M.I. Chernovol, I.V. Shepelenko, I.F. Vasylenko, S.M. Leshchenko, M.V. Krasota, A.M. Artyukhov. This is an
@I}. open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
v reproduction in any medium, provided the original work is properly cited.
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Resistance welding is carried out on special installations by joint deformation of the welding material and
the surface layer of the base metal, heated at the place of deformation to a plastic state by short (0.02...0.5 s) current
pulses of 5...30 kA [6]. Depending on the type and shape of the filler material, there are resistance welding of
compact (tape, wire), powder (granular), and combined materials.

In order to achieve high wear resistance of the restored shafts, coatings that work well under abrasive wear
conditions are needed. In this case, preference should be given to composite coatings [7]. Studies [8] state that the
method of resistance welding using composite wire has wide technological capabilities and provides obtaining
composite coatings with the achievement of the required performance properties of parts.

One of the main operational properties that determine the durability of parts with composite coatings,
applied by resistance welding of composite wire in particular, is their adhesion strength to the base metal, which
in turn depends on the modes of forming the composite coating.

From this point of view, it is quite reasonable to study the effect of resistance welding parameters on the
adhesion strength of the composite coating with the base.

Paper [9] presents a methodology for optimizing technologies for coating application according to the
strength and wear resistance criteria, which ensure the maximum possible strength and durability of the part with
a coating at minimal cost for the coating application process. The prospects of using the optimization direction by
the method of experiment factorial planning have been convincingly proven on such technologies as gas-flame
and detonation spraying [10], vacuum plasma spraying [11], electric spark alloying [12], ionic nitriding [13], and
finishing antifriction non-abrasive treatment [14, 15].

Purpose

The purpose of the presented research is to establish rational values for the parameters of resistance welding
of composite coatings in order to increase the strength of their adhesion to the base.

Research Methodology

In most cases, the performance of agricultural machinery parts restored by resistance welding is determined
by the adhesion strength of the applied coating to the base. Therefore, this indicator should be chosen as the
optimization criterion. It should be noted that the adhesion strength of composite coatings to the base largely
depends on the modes of resistance welding.

Experimental studies of the resistance welding of composite wires were carried out on the installation 011-
1-02N. The following main parameters were monitored in the process of resistance welding of composite coatings:
applied pressure value; electric current strength, current pulse duration and pause between pulses; part rotation
speed and welding head feed rate.

The most technologically advanced materials for resistance welding of composite coatings are composite
wires, which represent a sheath filled with the necessary components in the form of a powder. In the course of the
study, the sheath material used was steel 08 ps, the chemical composition of which is shown in Table 1.

Table 1
Chemical composition of steel 08 ps, % [16]
Brand Fe C Mn Si cc | s | P | cu | N [ As
no more than
Steel Base | 0.05-0.11 | 0.35-0.65 | 0.05- 0.10 0.04 0.035 0.25 0.25 0.08
08ps 0.17

The main material of the matrix is iron — PZhV-5 powder (Table 2), an inexpensive material with high
welding properties.

Table 2
Chemical composition of iron powder PZhV-5, % [16]
Brand Fe C Si Mn S P 0] Residue
insoluble
in HCI
PZhV 5 Base 0,25 0,30 0,50 0,05 0,05 2,0 0,6
C Si Mn Ni S P Cr Cu Fe
0.27-0.34 09-12 1.0-13 14-18 >0.025 >0.025 09-12 >03 ~94

Composite powders were used in the core of the welded flux-cored wires: nickel-clad ceramics, which
improves the thermal and electrophysical characteristics of the composite coating. Chromium carbide was used as

filler.

Thus, a wire with a diameter of 2 mm was made for the study, the microstructure of which is shown in Fig.

1.




52 Problems of Tribology

- %0 4 LR K
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The resistance welding of composite wires of the specified composition was carried out on samples made
of steel 50, which is widely used for the manufacture of agricultural machinery shafts.

To determine the optimal modes of composite coatings application, an active experiment was conducted
using mathematical planning methods.

Since the optimization parameter is the adhesion strength of the composite coating to the base, the choice
of the methodology for its evaluation deserves special attention.

The evaluation of the composite coating adhesion to the base material was carried out by the normal tear
method using a special device developed by the authors, the scheme and general view of which are shown in Fig. 2

[17].
T

—— G |

a) b)
Fig. 2. Scheme (a) and general view (b) of a device for determining the adhesion strength of a composite coating to a base
metal: 1 — fork; 2 — split bushing; 3 — clamps; 4 — axis; 5 — washer; 6 — cotter pin; 7 — sample [17]

In accordance with the proposed methodology [17], a bushing 2 (Fig. 2), previously cut into sectors, each
with threaded holes for screwing the clamp 3, was glued to the outer surface of the sample 7, which was studied
with a composite coating. After polymerization of the glue, the cuts made on the bushing were deepened to the
surface of the base metal. The sample with the glued sectors was mounted on the axis in the fork 1 of the device.
The clamps were screwed into the threaded holes of the fork and the sector to be torn off. The sectors were torn
off using a tensile machine MP-500, and the adhesive stress was calculated using the formula:

P
Oad =1 >

F

where P — tearing force, N; F — area of the sector inner surface, m?.

To determine the optimal modes of composite coatings application, an active experiment was conducted
using mathematical planning methods.

The purpose of the experiment series was to implement the central composite plan 2°2, which resulted in
the determination of a number of factors influence (welding current; electrode pressure; current pulse duration;
pause duration; linear rotation speed of the part) on the adhesion strength of composite coatings to the base.

The rotational plan has five levels: top, zero, bottom, and two outer levels (“star points”). The interval from
the zero level to the “star points” is defined by the “star shoulder” equal to 1.68 [18]. In order to prevent the
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influence of systematic errors caused by unconsidered factors, the experiments were conducted in a random order,
for which a table of random numbers was used.
The experimental data were processed using the STATISTICA 12.0 software package.

Results

The resulting regression equation is as follows:

Y =144,983 +22,066x, +16.693x, +18.193x, —3.14x, —0.779x, ——25.563x —
~7,127x; —2,327x; —2,615x] —2.065x] ++7.023x,x, +4.948x,x, —11.04x,x, +10.319x,x, —
—-0,652x,x;, —=5,715x,x, +9.544x,x, + 2.91x,x, — 0.68x,x, +9.057x,x,
where x; — welding current strength, kA;
x> — pressure on the electrodes, MPa;
x3 — duration of the current pulse, s;
x4 — pause duration, s;
x5 — linear speed of part rotation, m/s.

The statistical evaluation of the obtained results allows considering the experiments to be equally accurate.
The significance of the obtained coefficients was checked using the Student's criterion, and the adequacy of the
equations — using the Fisher's criterion.

The analysis of the Pareto Chart (Fig. 3) and the tabular results of the experiment revealed that the following
factors have the greatest influence on the adhesion strength: x;, x3, x> and the quadratic function of x; and x.

Pareto Chart of Standardized Effects; Variable: Y
5 factors, 1 Blocks, 286 Runs; MS Residual=2232,124

DV:Y
5 -2,09659
(1xa(L) | 1 1,956198
g ]1,748681
(2p%2(L) | ]1.604505
. |-.837426
1Lby5L | |.711468
; |- 70568
2LbysL F |.6580341
a 6244225
1Lby2L | 5327125
3 -, 433496
1Lby3L | |.3753125
s ]-,301824
Xg(Q) | ]-,258903
. ]-230438
3Lby4L | ].2207571
a |-, 204448
(S)xs(L) F ]-,06985
i |-.049478
3Lby5L F |-.046949
p=,05

Standardized Effect Estimate (Absolute Value)

Fig. 3. Standardized Pareto Chart for adhesion strength

The response surfaces and graphs of equal yield lines (Fig. 4) make it possible to note that the highest
adhesion strength of composite coatings to the base occurs at the following values of the factors: x; = 14.8...15.2
kA; x2=0.3...0.4 MPa; x3=0.06...0.08 s; x, = 0.05...0.06 s; x5 = 0.018...0.02 m/s.

To analyze the influence of the factor on the optimization criteria, we constructed experimental scatter
graphs with histograms (Fig. 5), which allows to graphically determining the rational values of the selected
optimization criterion — the adhesion strength of the composite coating to the base during resistance welding of
composite wires.
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Fig. 4. Response surfaces and graphs of equal yield lines ¥: a — Y (X1, X2), b — Y (X1, X3), ¢ — Y (X1, X4), d - Y (X1, X5), e — ¥
(x2,Xx3), f— Y (X2, X4)

Analysis of the response surfaces and graphs of equal yield lines for the selected optimization criterion
(Fig. 4), as well as scatter graphs of the technological factors influence (Fig. 5), allows to determine their rational
values: x; = 15.179 kA; x> = 0.3 MPa; x3 = 0.06 s; x4 = 0.06 s; x5 = 0.01964 m/s. Taking into account the
technological capabilities of the installation for resistance welding of composite wires when machining shafts & 50
mm, the following values should be considered rational modes: welding current 7 = 15 kA; electrode pressure P = 0.3
MPa; current pulse duration 7 = 0.06 s; pause duration 7; = 0.06 s; linear speed of part rotation V= 7.5 rpm.
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Fig. 5. Scatter graphs with histograms characterizing the influence of the studied factors on the adhesion strength of the
composite coating to the base during resistance welding of composite wires

Conclusions

1. Given that the service life of agricultural machine shafts is significantly shorter than the service life of
the machine as a whole, the issue of increasing the parts durability is particularly important.

2. The use of resistance welding technology of composite wires opens up great opportunities to improve
durability.

3. Since the adhesion strength to the base is one of the main operational properties of parts that determine
their durability, this parameter must be improved by selecting rational values for the resistance welding modes of
composite wires.

4. To determine the optimal modes of applying composite coatings by resistance welding, an active
experiment was performed using mathematical planning methods. The analysis of response surfaces and graphs
of equal yield lines for the selected optimization criterion made it possible to establish rational values of the
resistance welding modes. Taking into account the technological capabilities of the installation for resistance
welding of composite wires, it is recommended to process shafts &J 50 mm at the following values: welding current
I =15 kA,; electrode pressure P = 0.3 MPa; current pulse duration 7 = 0.06 s; pause duration z; = 0.06 s; linear
speed of part rotation V' = 7.5 rpm.
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Yepuosoa M.I., lllenenenxo 1.B., Bacuienko [.®., Jlemenko C.M., Kpacora M.B., AptioxoB A.M.
BcTaHOBICHHS ONTUMATBHUX TAPAMETPIB KOHTAKTHOTO HABAPIOBAHHS BAJIB CLILCHKOTOCIOAPCHKUX MAIIUH

B poOoTi BHKOHAaHO IIOUIYK ONTHUMAJbHUX 3HA4YE€Hb MAapaMeTpiB KOHTAKTHOTO HaBapIOBaHHA
KOMITO3MIIIITHUX JIPOTIB 3aJUIsl MiJBUIIEHHS JOBrOBIYHOCTI BATiB CUILCHKOTOCHOAAPCHKUX MAIIMH. 3a Mapamerp
onTuMizarii oOpaHO MIIHICTh 3YEIUICHHS KOMITO3HMIIIHOTO MOKPUTTS 3 OCHOBOIO neTaii. OIMiHKY 34YeTUICHHS
KOMIIO3UIIIITHOTO TOKPHUTTSA 3 MaTepialoM OCHOBH 3IiHCHIOBAIM METOJOM HOPMANBHOTO BimpuBy. [l
BU3HAUCHHS ONTUMAJIbHUX PEKUMIB HAaHECEHHS KOMITO3UIIIHHHX TIOKPUTTIB IIPOBOANBCS aKTUBHUI €KCIIEPHUMEHT
3 BUKOPHCTaHHSIM METOJIB MaTeMaTHYHOTO IutaHyBaHHA. OTprMaHi MOBEpXHi BIATYKY Ta rpadiku JiHIA piBHOTO
BUXOJY JO3BOJIMJIN BCTAHOBUTH PiBEHb BIUIMBY IOCTIKYyBaHUX (aKTOPiB Ha mapameTp omtumizarii. s aHamizy
BIUIMBY (haKTOPIiB Ha KpUTepill onTumizarii moOyaoBaHi rpadiku po3citoBaHHS 3 TicTOTpaMaMH, SKi JO3BOJSIOTh
rpagiyHO BH3HAYUTH palliOHAIBHI 3HA4YeHHS OOPaHOrO KPHUTEpil0 ONTHUMIi3alil — MIIHOCTI 34YEIUICHHS
KOMITO3MIIIITHOTO MOKPHUTTSI 3 OCHOBOIO NPU KOHTAKTHOMY HaBaprOBaHHI KOMIIO3ULIHHHUX ApoTiB. Peamizamis
LIEHTPAILHOTO KOMIO3UIIHHOTO TuiaHy 232 J103BOJIWJIA BCTAHOBUTH BIUIMB MapaMETPiB  KOHTAKTHOTO
HaBapIOBaHHs KOMITIO3UIIMHUX JPOTIB (CHJIM 3BaplOBAILHOTO CTPYMY; THUCKY Ha €NIEKTPOAAX; TPUBAJIOCTI
IMITyJIbCY CTPYMY Ta Tay3H; JIHIHHOI MIBUAKOCTI 00epTaHHS JeTalli) Ha MIIHICTh 34EIUICHHS KOMITO3MLIHHUX
MOKPHTH 3 OCHOBOIO Ta BU3HAYUTH X paliOHANbHI 3HAYCHHS.

KnrouoBi cjaoBa: KoHTakTHe HaBaprOBaHHA, KOMHO3HI_[iI>‘IHe IOKPUTTH, MiI_[HiCTB 3UYCIIJICHHA, BaJId
CiHBCLKOFOCHOZ[apCBKI/IX MallluH, ONTUMAJIbHI napameTpu
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Abstract

The electrical contact insert of the current-carrying suspension of the electric vehicle belongs to the fast-
wearing elements that require frequent replacement and attention to ensure standard performance. The purpose of
this study was to develop a technology for manufacturing graphite-filled electrical contact inserts from waste
materials and by modifying the composition of the composite. As a result of difficult operating conditions, coal
current collector inserts of electric transport are subject to considerable wear. The causes of increased wear are
electrocorrosion in contact with the conductor under current, abrasive wear from sliding on the wire with increased
dustiness and air humidity. The technological process of manufacturing graphite current-collecting inserts from
used graphite components is proposed. To prove the functionality of the restored current-collecting inserts, the
strength, electrical conductivity and tribological characteristics of the material were tested. The results of
experimental tests showed a slight decrease in material hardness and an increase in electrical resistance within
acceptable limits. Bench wear tests showed improved tribological properties of the restorative insert material with
the addition of copper powder.

Keywords: electric transport, current collector, contact insert, graphite, recovery, sintering, wear
resistance, electrical resistance

Introduction

Electric transport is an integral part of the unified transport system of many cities of Ukraine. Reliability
and efficiency of the current collection system and current collector parts of the trolleybus is one of the important
problems of operation of electric transport [1-10[. During operation, there is an intensive operation of the current
collector head of the trolleybus, and a deterioration of the current collection process, which is affected by the state
of the contact network, the quality of the used lubricants, and the operating conditions. The reliability of the
contact "current receiver of electric rolling stock - contact suspension" is primarily determined by its service life
and reliability during operation and depends on the state of operation of the interacting elements: the head of the
current receiver and the contact wire. The wear resistance of the contact significantly depends on the physico-
mechanical, electrical and tribotechnical properties of the materials of its interacting elements. In order to improve
these characteristics, it is necessary to apply effective methods and technologies of manufacturing, strengthening
or modification of the conjugated contact elements of the current collector.

The most responsible part of the current collector is the contact head (Fig. 1). It should provide stable
current collection during movement at high speeds, on curves, as well as when the trolleybus deviates from the
axis of the contact wire suspension.

The end of the rod of the current collector covers the insulating sleeve 2 (Fig. 1), on which the steel holder
1 is fixed with bolts. A spherical axis is installed in it in the upper part. On the axis is the rotating part of the
contact head, which consists of a holder, a copper insert 3, two cheeks 5 and a replaceable, carbon insert 6. The
upper part of the axis is located between the holder and the insert, which are rigidly connected by two screws. The
presence of spherical surfaces of connected parts enables the variable insert to rotate around a vertical axis.

Copyright © 2024 0O.S. Kovtun, V.O. Dytyniuk, A.L. Staryi, V.O. Fasolia. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
C original work is properly cited.
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Fig. 1. Contact head of the current collector: 1, 11 — holders; 2 — insert; 3, 6, 13 — bolts; 4 — cheek; 5 — carbon
insert; 7 — brush; 8 — spring; 9 — nut; 10 — gasket; 12 — the fifth.

The spherical surfaces of the contact head must be lubricated with a thin layer of grease (AeroShell Grease
7). To reduce the transition resistance between the insert and the holder, a copper graphite brush 8 with a spring
is installed, which creates the necessary pressure of the brush on the insert. The insert is installed on the liner and
fixed with bronze cheeks, which simultaneously act as guide ribs when the head moves along the contact wire.
Cheeks are pressed to the insert with bolts 7. To prevent the contact head from falling to the ground when coming
off the rod, a protective tape 16 is provided.

The weakest element of the current collector is the contact insert, which slides along the copper trolleys
of the power supply. In fig. 2 presents various types of trolley bus inserts.

Fig. 2. Types of trolleybus inserts

As a result of friction and the formation of spark discharges, the inserts are subject to intense wear. Their
regulatory term provides80 km. mileage Inserts also often fail due to mechanical damage. The operational
characteristics of the inserts are presented in Table 1.

Table 1
Operating characteristics of inserts when working together with MF-100 copper wire
Indicator State of sliding contact
Dry Wet Wet

Linear wire wear, um/10,000 passes 0.00 0.20...0.25 0.25...0.30
Wire wear area in cross-section, mm2/10,000 passes 0.00 0.003...0.004 0.004...0.005
Coefficient of friction 0.13 0.05...0.06
The decline of insult in contact, V 0.40...0.60 0.25...0.40
Linear wear of inserts, mm/100 km of mileage 0.1..0.2 0.2..04 | 0.04...0.06

According to the technical conditions, the current collector removes a constant voltage of 550 V, while
the permissible current should not exceed 170 A. The pressure of the current collector on the contact wire is up
to 140 N. The contact insert is a part of the current collector head, which directly contacts the wire and carries out
current collection. The quality of current collection largely depends on the insert: continuity of contact, amount
of mechanical and electrical wear of the contact wire, sparks, radio interference, electrical losses.

The most common types of wear of the tribosystem "contact wire - insert" are abrasive, fatigue, oxidative
and molecular-mechanical wear. Several types of wear may appear simultaneously, but one of them will always
be dominant. Abrasive wear occurs as a result of products of wear and external dust falling into the friction plane,
as well as in the presence of solid inclusions that form the basis of the material of the conjugated elements of the
tribosystem. Most often, microchips, small particles torn from the friction surface, appear on graphite inserts, but
at the same time the surface retains its polish. Characteristic wear damage of coal inserts in operation are shown
in fig. 3.
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Fig. 3. Wear damag"elof coal inserts

In case of poor adjustment of the contact suspension, carbon inserts are characterized by damage and
excessive activation or lateral wear. Chips occur only when the adjustment of the contact suspension elements is
disturbed, cracks occur due to impacts on the insert and under conditions of impaired current collection, fires
occur. Fatigue wear is associated with volumetric deformation of the friction surfaces and cracking of the over-
riveted metal layer, followed by its removal. Oxidative wear is associated with the formation and destruction of
thin oxide films on friction surfaces. Mechanical wear occurs as a result of the friction process and as a result of
shocks of the current collector insert against the contact wire and depends on the characteristics of the contacting
materials, the state of their surfaces, the pressure at the contact point, the sliding speed and the uneven height of
the wire suspension.

Tribotechnical materials and technologies of sliding electrical contacts (inserts)

Graphite is the main material used in friction pairs operating in a sliding contact system, as it acts as a
dry lubricant. Contacts of this type are a kind of friction pair in which the contacting elements slide one after the
other without breaking the electrical connection. Therefore, along with the above-mentioned requirements, the
contact material must also possess a complex of antifriction properties in relation to dry friction conditions, and
the contact pair cannot consist of the same materials, because otherwise friction surfaces will seize even under
normal operating conditions, not to mention about working in a vacuum. The hardness of the materials that make
up the contact pair must be different. It is desirable that the counter-body (current-carrying element) is more solid
(approximately 1.3-2 times) than the moving contact (current-collecting element), then the service life of the
contact pair increases, and replacing the current collector is usually easier than other elements of the electrical
circuit . The required hardness ratio is achieved by adding solid lubricants (molybdenum disulfide, zinc sulfide,
selenides of some liquid metals, calcium fluoride, graphite, etc.) or low-melting metals (for example, gallium) to
the corresponding contact material, which become liquid during the operation of the contact pair.

In this case, areas of solid lubrication perform anti-friction functions, and a metal base with low electrical
resistance provides the main electrical connection in the connected contact node; in the presence of a low-melting
metal in the material, together with the basis of the power transmission, wear is reduced due to the replacement
of dry friction with liquid friction when the additive is melted. In the process of operation, when the contact
surfaces are moved relative to each other, both the actual physical contact surface changes (frictional surfaces act
unevenly) and the actual electrical contact surface (not the entire contact surface participates in electrical
transmission due to roughness and the presence of non-conductive or low-conductivity phases on it) . In the
process of commutation of an electric current, the wear of the contact surfaces of the friction pair, depending on
the quality and material of the contacts, increases 10-100 times compared to the wear in the de-energized state:
electric spark and arc processes destroy the friction surface, contributing to its mechanical wear, and heating also
accelerates the interaction material with the surrounding external environment, causing a loss of their strength and
hardness.

Sliding contacts are used in the form of plates, rods, cylinders, darts, etc. in electric motors, dynamos,
potentiometers, current collectors, switches and other devices. The basis of the contact material is copper or silver,
and graphite is most often used as a solid lubricant. Copper-graphite contacts contain 8-75% graphite, have good
electrophysical properties, are cheap and work reliably in difficult operating conditions (brushes of electric motors
and dynamos, magnetos, etc.). Bronze-graphite contacts contain 2-5% graphite, 70-80% copper, ost. - tin, iron,
nickel. Such contacts are used as collector plates of pantographs for powering the motors of electric trains at
speeds up to 1500 m/min and under the influence of relatively high pressures and shocks, and the current-carrying
wire wears out minimally.

Silver-graphite contacts contain 2-50% graphite and work in precision measuring devices either dry or
completely immersed in lubricant at speeds up to 20 m/min and a load of 0.05-0.07 MPa.

Silver-based sliding contacts are prepared from a mixture of powders of the corresponding components
(for PDS-70 material, silver-palladium alloy powder is used, and for SNDSM-2.5 material, silver-palladium-
nickel alloy powder is used). Large-sized blanks are pressed, sintered in the solid phase, pressed, annealed,
extruded into a wire rod or tape (rolling and drawing are also possible) and contacts are stamped or planted.
Contacts of the Sndsm-7.5 brand are pressed immediately from a mixture of powdered silver, nickel and
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molybdenum disulfide, solid-phase sintering of the blanks is carried out in argon, and then pressed and annealed.
The same is done in the case of obtaining silver-graphite contacts.

When manufacturing copper-graphite electric brushes, which also include lead or tin additives, it is
necessary to create a copper frame that gives the material maximum electrical conductivity. Technologically, this
problem is solved in several ways. According to one of them, porous graphite is impregnated with molten copper,
which turned out to be economically beneficial when the copper content in the composition is more than 50% (by
mass). Porous graphite should have a through porosity of 20-35% and be strong. Impregnation with copper is
carried out under pressure.

The most common method is the pressing and sintering of a mixture of copper powder with various carbon
materials. Many companies make copper graphite brushes from mixtures of copper powders and natural graphite,
but most of the brushes contain, in addition to graphite, other carbon components that are introduced to increase
strength, improve wear resistance and reduce contact resistance. Such additives are pitch (increases strength and
improves pressing of the mixture), or carbon black-coke fines (increases wear resistance), rubber (increases
strength). When using a binder and other additives, an important role is played by the operation of mixing the
initial powders, because in the final product the copper component should cover the particles of the carbon
component as best as possible. As a rule, carbon components such as graphite, carbon black and pitch are mixed
first. For this, heated mixers are used. After cooling, the mixture is ground into powder, the fines are sifted out
and mixed with copper powder. The resulting charge is pressed (200-400 MPa) into a product or blank. Sintering
is carried out at 700-800 °C in continuous furnaces with a protective atmosphere. If the blanks contain connecting
components, then sintering is reduced to coking the pitch with the formation of a strong coke backbone, in the
pores of which particles of metal powders are held. After sintering, the blocks are cut into individual brushes, and
the individually sintered brushes are machined and reinforced with conductive elements.

You can make electric brushes from graphite coated with copper or its alloys. In this case, graphite, zinc
and lead powders are immersed in aqueous solutions of CuSO4 or CuCl4. At the same time, copper is deposited
on the graphite surface, and part of the lead is mechanically captured. The best wear resistance, hardness and
strength are achieved with a lead content of 1-2%. Such powders are sintered at 400 °C, that is, 250 °C lower than
ordinary mixtures of copper, graphite and lead powders. The structure of the products is mesh, which provides
them with high wear resistance and good electrical, thermal and mechanical properties.

Research on the reliability and wear resistance of working parts of sliding electrical contacts, especially
electrical brushes, is carried out in three main directions:

- improvement of the structure of the material and the design of the working element;

- optimization of the choice of constituent and granulometric parameters of the composition of charge
materials;

- optimization of technological modes of production of the working element.

Electric brushes based on carbon with various additives and layered brushes based on alternating layers
of carbon fabrics and polymer binders with anti-friction additives do not ensure the creation of a continuous
intermediate film (polish) between the collector and the brush material.

For direct current electric machines that work in a single-use mode and with high-density operating
currents, in order to reduce the generation of sparks, current-collecting brushes are used, formed by sections of
twists of insulated current-conducting cores from a metal wire of low electrical resistance, for example, beryllium
bronze.

For electric machines, the operating conditions of which are characterized by the special tension of the
current-collecting devices due to vibration and large currents, in order to increase the wear resistance of the
brushes and the collector, brushes with different physical and mechanical characteristics and which are placed
taking into account the polarity are recommended.

Each of the known measures of constructive implementation does not solve the problem of reducing the
value of the transient resistance and the loss of current transmission capacity. It is possible to reduce and at the
same time stabilize the transient resistance of sliding current collectors by additionally passing through the contact
a low-frequency direct or alternating current of a high-frequency current [11].

Brushes based on crystalline graphite with anisotropy of electrical resistance, as well as brushes
containing carbon fabrics, thermo-reactive binders and anti-friction components have high switching ability, wear
resistance and minimal energy loss in contact.

Optimization of the composition and granulometric parameters of the composition of charge materials is
the second direction of research into current-carrying sliding elements, which are carried out in order to improve
their commutative properties and wear resistance.

A mixture of graphite and hardened coke, copper (introduced in the form of a coating layer on a coke
particle) and binder [12], as well as a mixture of copper and graphite in the form of pressed powders, which
represent a single matrix, are proposed for sliding elements of electromotive transport , and granular inclusions
containing copper and molybdenum disulfide are evenly distributed in the volume of this matrix, and the copper
in the granules is introduced in the form of a coating layer applied to molybdenum disulfide powder particles [13]
according to the following ratio of components: copper 25 ... 33%, granules 25 ... 39%, graphite - the rest. Granules
have dimensions of 80 ... 200 pm according to the following ratio of components in the body of the granule:
copper 20 ... 31%, molybdenum disulfide - the rest. Granular inclusions strengthen the matrix and increase wear
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resistance. Copper-graphite and copper-copper interparticle contacts cause high electrical conductivity. To
manufacture the sliding element, artificial graphite powder with a dispersion of 40 ... 200 um was mixed with
copper powder 40 ... 150 um and molybdenum disulfide powder 150 ... 300 um, on which a layer of electrolytic
copper was applied. The resulting pressed powder was pressed and then sintered.

The composition of the carbon-containing material [14] includes a mixture of natural and artificial
graphite, and copper is introduced in the form of a coating layer applied to the particles of natural graphite, which
wets this graphite by spontaneously spreading over it. The ratio of components in the press powder is: natural
graphite 50.0 ... 75.0%, artificial graphite 7.0 ... 35.0%, copper 5.0 ... 25%, binder - the rest. Natural graphite is
the most inert carbon material to oxidation when heated and has the best self-lubricating properties. Due to the
modification of natural graphite with niobium, copper enters into physical and chemical interaction, moistens and
increases its electrical conductivity. At high currents, the sliding element heats up and electroerosion of graphite
occurs, but the copper does not peel off from it. Powders of artificial graphite (40 ... 200 um), copper (40 ... 150
um), natural graphite (50 ... 200 um) with a modifier and binder powder are mixed, pressed and sintered.

According to another method [15], pressing is carried out at a pressure of 5 ... 30 MPa at a temperature
of 165 ... 210 °C, and heat treatment is performed at a temperature of 220 ... 600°C. The content of a thermosetting
binder, for example, phenol-formaldehyde resin, is 7...50%, metal materials, for example, copper - 0...70%, and
carbon graphite materials, for example, natural and artificial graphite, carbon black, carbon fibers - 20 ...93%. The
composition may also include known alloying, polishing, anti-friction, plasticizing and polymerization-
accelerating binder additives. The method of manufacturing a current-carrying sliding element [16] from copper-
plated graphite powder, on the surface of whose particles a protective layer of tin is applied, and an organic binder,
is distinguished by the fact that a layer of copper and a layer of graphite are applied one after the other, along or
across this element at an angle of 0 ... 900 to the working surface with the following ratio of components in the
material: copper - 5 ... 48%; graphite - the rest. The layers are formed in the form of hollow cylinders inside each
other, along this element or in the form of a combination of cylinder segments formed one on top of the other
along or across this element. High hardness, strength and wear resistance, the highest electrical conductivity and
good interparticle contacts between copper and graphite are ensured when copper is applied in layers on graphite.
The pressed powder is applied in functional layers, pressed and sintered.

According to another [17] method, a mixture of graphite-containing material with a crushed binder is
ground to particle sizes of 0.040 ... 0.071 mm and mixed with graphite-containing material powder with a fraction
0of 0.2 ... 1.0 mm, and heat treatment is carried out simultaneously with the pressing process with exposure under
pressure Graphite electrode waste with an ash content of less than 0.5% is used as a graphite-containing material,
and phenol-formaldehyde resin is used as a binder. When the graphite-containing material and resin are
simultaneously crushed, a homogeneous powder-like mixture is obtained, in which the finely dispersed particles
of the binder are evenly distributed in the volume of the finely dispersed graphitized material. After thorough
mixing of the obtained mixture with the powder of graphitized material with a fraction of 0.2...1.0 mm, a
composition is obtained in which, when pressed, finely dispersed particles fill the voids between coarsely
dispersed particles, forming a uniform dense packing. Under the simultaneous action of pressure and temperature,
the binder, melting and enveloping the particles of the graphitized material, penetrates into the pores, squeezing
out air, and the particles of different fractions, clinging to each other and being incorporated into each other, form
a homogeneous structure of the product with minimal porosity. Temperature exposure contributes to a more
complete flow of these processes and their completion as a result of polymerization of the binder over the entire
thickness of the product. The dense, uniform structure provides stable, low electrical resistance due to the increase
in the contact surface between the particles, ensures good sliding of the moving collector on the stationary brush,
and reduces sparking.

Technology of restoration of current collector inserts

The analysis of the defects of the inserts of the current collectors of the trolleybus showed that it is possible
to restore its operability by restoring the surfaces under the contact wire. The technological operations of
restoration are shown in Table 2. The amount of material of the worn insert, which is thrown into the scrap, is
35% of the total weight of the new coal insert. Therefore, it is rational to use the worn-out part of the carbon insert
in the subsequent production of new carbon inserts of the current collector of the trolley bus.

Table 2
The technological process of restoring the current collector insert
The name of the operation Performing the operation
Defective Suitability of the insert for further operation
Grinding Grinding of spent inserts of current collectors
Screening Sifting of components of spent inserts
Preparatory Preparation of the mixture
Pressing Pressing new inserts
Heat treatment Hardening of pressed inserts
Control Product quality control
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At the next stage, the selection of equipment and tools was carried out as the basis of the rationality and
economy of the process of restoration of parts. In the conditions of repair enterprises, universal equipment is
beneficial, which allows you to perform a large number of operations. Based on the conditions of the technological
process and economy, we choose the equipment, cutting and measuring tools, with the help of which it is possible
to perform all the necessary operations.

The technology involves the grinding of activated inserts of trolleybuses with the help of a rotary crusher
(Fig. 4). Grinding is carried out in the crusher thanks to the rotor, on which the knives are fixed, which break the
pieces of graphite against the baffle plates fixed in the housing. The elements of the inserts also break against each
other after gaining acceleration from the rotor. Grinding is carried out until the powder cannot enter the lower
chamber through the installed grate. The body is lined from the inside with wear-resistant metal. In the future, it
is necessary to divide the obtained powder into fractions. It is proposed to do this with the help of a separator,
which separates the graphite powder into two fractions: small and large. The principle of operation is based on
the passage of a shallow fraction through a profiled disk under the action of air pressure and centrifugal force.
Powder supply is carried out through one nozzle together with air. The rotor rotates and gives centrifugal force to
the small fraction, due to this, it passes through the profiled disk and enters the outlet of the fine powder, while
the large fraction remains at the bottom of the case.

The next technological operation is the mixing of components. Mixing is done in mixing drums.
Additionally, PMS-1 copper powder (220um) in the amount of 5% is added to the obtained graphite material.

The finished mixture is sifted and pressed in molds (200-400 MPa).Inserts are pressed on a hydraulic
press. For the production of inserts, the mold shown in fig. was designed and manufactured. 5.
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Fig. 4. Crushing of graphite inserts Fig. 5. General view of the mold for graphite
inserts

Sintering of experimental samples and full-scale inserts was carried out in a vacuum electric furnace at a
temperature of 180...220°C.

Samples of the obtained experimental compositions (Fig. 6) were examined for hardness and electrical
conductivity.

Fig. 6. Research samples

The hardness of experimental and serial samples was measured by the Rockwell method on the TK-2
device on the B scale, provided there was no working load. The average results of hardness measurements are
shown in Table 3.

Table 3
HRB hardness of experimental and serial samples

Sample 1 2 3 4 Serial sample

HRB 80 79.5 76.5 66.5 84

The obtained results show that the conventional hardness of experimental and serial samples differs
slightly.

The electrical resistance of experimental and serial samples was measured with an ohmmeter with an
accuracy of 0.05 Ohm. The specific resistance was calculated according to the formula:
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where R is the resistance determined by an ohmmeter, Ohm;
S is the cross-sectional area of the sample, mm?;
[ is the sample length, mm.

The results of determining the electrical resistance are shown in Table 4.

Table 4
Electrical resistance of experimental and serial samples
Sample R, Ohm p / S
1 1.4 7.02 25.5 128.2
2 1,2 6.41 23.7 126.6
3 1.1 5.84 23.8 126.4
4 1.0 5.36 23.6 126.6
Serial sample 1.1 6.07 23.0 127.0

The resistance of the serial samples is approximately 25% lower than the resistance of the experimental
materials, which requires certain optimization of the chemical and granulometric composition and technologies
of manufacturing inserts.

Results of tests on the wear of electrical contact inserts

Tests were carried out on a laboratory bench to check the functionality of restored copper-graphite inserts
(Fig. 7).

Fig. 7. Stand for testing trolley bus pantograph inserts: 1-electric motor, belt drive, 3-moving support, 4-test
sample 1, S-test sample 2, 6-pin wire, 7-wire clamp.

The test bench simulates the sliding contact of a natural graphite insert of a current collector with a current-
conducting wire. Electric motor 1 serves as the drive for the reciprocating movement of the insert samples. The
rotational movement is transmitted to the crank mechanism through the belt system 2. As a result, the support
with the samples placed on it receives a reciprocating movement. Experimental 4 and serial 5 samples of the
current collector insert are fixed on the support 3. The contact wire 6 is fixed in the upper clamp 7. The clamp 7
with the wire is pressed against the insert samples with the help of springs with a given force. In this way, a sliding
mechanical contact is created between the insert and the wire. The amount of wear was determined by periodic
measurement of the linear dimensions of the inserts. The results of wear determination are shown in the graph of
fig. 8.
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Fig. 8. Dependence of wear of the insert on the friction path
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The change in the thickness of the insert in the center of the radial recess was taken as the wear criterion.
The maximum wear of the insert was 2.5 mm on average for 15 km of the friction path. The insert restored without
the addition of graphite powder and with the addition of 5% Cu powder was compared. From the results of wear
tests, it can be seen that the insert with the addition of copper has an average of 10% less wear, which indicates
the effectiveness of the proposed technology. Along with this, it should be noted that the wear resistance of
restored inserts is 30% lower compared to new serial inserts (average literature data on the wear of serial inserts).
At the same time, the economic efficiency of using restored bushings is determined by the lower cost of restoration
technology.

The prospects of this research are the search for a more optimal phase and granulometric composition of
the composition, as well as the application of more advanced technologies for the regeneration of spent coal inserts
of current collectors of trolleybuses.

Conclusions

1. As aresult of difficult operating conditions, coal current-carrying inserts of electric transport are subject
to considerable wear. The causes of increased wear are electrocorrosion in contact with the conductor under
current, abrasive wear from sliding on the wire with increased dustiness and air humidity.

2. Graphite is the main material used in friction pairs working in the sliding contact system, as it acts as
a dry lubricant. Due to the limited wear resistance of pure graphite, there are many proposals for modifying the
composition of contact sliding inserts in order to provide increased wear resistance, high anti-friction
characteristics, and reduced electrical resistance.

3. One of the effective methods of introducing energy-saving technologies when using graphite inserts of
electric transport is the secondary processing of the insert material for renewable use. The technological process
of manufacturing graphite current-collecting inserts from spent graphite components has been developed. To
improve the conductive properties of the inserts, it is suggested to add finely dispersed copper powder in the
amount of 5% to the composition.

4. To prove the functionality of the restored current-collecting inserts, the strength, electrical conductivity
and tribological characteristics of the material were tested. The results of experimental tests showed a slight
decrease in material hardness and an increase in electrical resistance within acceptable limits. Bench wear tests
showed improved tribological properties of the restorative insert material with the addition of copper powder.
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KortyHn O.C., lutuawk B.O., Ctapuii A.JL., @acoas B.O. BigHoBieHHs Ta 3HOCOCTIHKICTh KOB3HUX
KOHTAKTIB €JIEKTPOTPAHCIIOPTY

EnexTpokOHTakTHa BCTaBKa CTPYMO3HIMAJIbHOI IMiABICKM €NEKTPOTPAHCHOPTY BIAHOCHUTBCSA IO
MIBUAKO3HOIIYIOUMXCS €IEMEHTIB, sIKi TOTPeOyIOTh YacToi 3aMiHH 1 yBaru IoJ0 3a0e3le4eHHs HOPMAaTHBHOL
npane3 aTHocTi. MeTor LbOro JOCHiKEHHs Oyina po3poOKa TEXHOJIOTii BHUTOTOBJIEHHS IpadiTOHAIIOBHEHHX
€JIEKTPOKOHTAaKTHUX BCTABOK 13 BIJNPalbOBAaHMX MaTepialiB Ta HUIIXOM MoOIUdikaiii ckiagy KOMIO3HUTY.
BHacniiok ckiagHuX YMOB eKCIuTyaTalii BYTijdbHI CTpyMO3HIMAJIBHI BCTaBKU €JIEKTPOTPAHCIIOPTY IMiATar0ThCs
3HaYHOMY 3HOCY. [IpHurHaMu migBUIIEHOTO 3HOCY € €JIEKTPOKOPO3is B KOHTAKTI 13 MPOBIIHUKOM ITiJ] CTPYMOM,
a0pa3vBHUM 3HOC BijJl KOB3aHHS MO APOTY i3 MiIBUIIEHOIO 3aMUJICHICTIO 1 BOJIOTICTIO TIOBITPs. 3ampONOHOBaHHI
TEXHOJIOT{YHUH MPOIIEC BUTOTOBJICHHS TPadiTOBUX CTPYMO3HIMAIBHUX BCTABOK i3 BiIIPAIlbOBaHUX I'padiTOBHUX
KOMIIOHEHTIB. /|11 moBemeHHs Mpale3qaTHOCTI BiHOBIEHUX CTPYMO3HIMaJIbHHX BCTaBOK Oyin BHNPOOOBaHi
MIIHICHI, €JIEeKTPONpPOBiTHI Ta TPHUOONTIYHI XapaKTEPUCTHKH MaTepiany. Pe3ymbTaTH eKCIeprMEHTAIbHUX
BUIIPOOYBaHb IOKa3aJlid HE3HAYyHE 3MEHIIEHHS TBEPAOCTI MaTepiany Ta 30UIBIIEHHS ENEKTPUYHO OMOopYy B
jJonycTuMux Mexax. CTeHI0BI BHIPOOYBaHHS Ha 3HOC IIOKAa3aJdM IIOKpAIleHi TPUOOJOTiYHI BIACTHUBOCTI
BiTHOBHOT'O MaTepialry BCTABOK i3 JOJAaBaHHSIM ITOPOIIKY MiIi.

KaiouboBi ci0Ba: eneKkTpoTpaHCIOPT, CTPyMO3HIMad, KOHTAKTHAa BCTaBKa, rpadir, BiJHOBICHHS,
CHIKaHHSI, 3HOCOTIMKICTB, €JIEKTPUYHHIA OMip
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Abstract

The development and research of composite materials for heavily loaded tribo-couplings of car parts was
based on the main provisions of the concept of structural and energetic adaptability of their materials during friction
and wear. The presented data of experimental studies of the effect of ultrasonic treatment of materials on the nature
of the change in the coefficient of friction depending on the value of the specific load at a constant sliding speed.
Data were obtained that characterize the features of structural adaptation and self-organization during friction and
wear of copper and lead alloys. The research was carried out using a universal tribometer according to the "finger-
disc" end surface contact scheme in the medium of inactive petroleum jelly. The use of composite wear-resistant
materials is proposed to increase the tribological efficiency of car parts, units and assemblies. Experimental studies
and analysis of the obtained data were carried out on the basis of the developed parametric scheme for the study
of tribocouples of samples and parts using the main provisions of system analysis.

Key words: tribo coupling, tribometer, vehicles, alloyed composite materials, friction and wear.
Formulation of the problem

Increasing the serv DSS life of tribo couplings of car parts is one of the most important technical problems
in the automotive industry. In this regard, the development of comprehensive measures to manage tribological
efficiency is relevant. This is done in order to increase the operational reliability of the main working nodes,
systems and aggregates. At the same time, they significantly reduce the cost of repairing the car and the production
of spare parts, increase their operational reliability while achieving satisfactory technical, economic and
environmental results. The durability of cars mainly depends on the nature of the friction and wear processes that
occur in the contact zones between tribo coupling parts. Intensive wear of the working surfaces of the parts leads
to a violation of the tightness of the nodes, a loss of accuracy in the placement and movement of the parts, which
leads to jamming, shocks and vibrations, which in turn lead to mechanical breakdowns. The complex of energy,
strength and kinetic conditions, mechanical and thermal parameters of self-organization is a single tribosystem
with direct and feedback connections. The final result of the self-organization process is the formation of protective
dissipative secondary structures (DSS) and the normalization of friction and wear indicators, which are
characterized by the appropriate range and level. One of the promising directions for solving the problem of
increasing the tribotechnical reliability of tribo-couplings of machines and mechanisms is the development of anti-
friction composite materials and their comprehensive research based on the provisions of the structural and
energetic adaptability of materials during friction and wear, self-organization of tribosystems, the theory of surface
strength and destruction, taking into account the properties of these materials and conditions their operation in real
nodes and mechanisms.

Analysis of recent research and publications

Solving the problem of increasing the tribological reliability and durability [1,2] of tribocoupled elements

of car parts requires a comprehensive approach [3]. This includes: the following measures: development of modern

Copyright © 2024. A. Gypka, V. Aulin, D. Mironov, R. Leshchuk, I. Yarema, V. Bukhovets, V. Teslia. This is an open access article
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research methods and kinetic criteria for evaluating processes in the zone of frictional contact; creation of new
antifriction composite alloys; methods of controlling the surface strength of materials during friction and wear
[4,5]. Intensification of processes in the zone of frictional contact leads to an increase in thermal and mechanical
load on the tribocoupler [6], with corresponding negative consequences [7,8]. A systematic approach to solving
this problem includes a complex of design, technological and operational measures for the development and
research of alloyed composite antifriction materials [9,10] to increase the tribological reliability of heavily loaded
car tribo couplings [11,12]. As pract DSS shows, it is difficult to achieve the necessary accuracy in quantitative
indicators of initial parameters in laboratory, bench research of tribo-coupling, despite its significant economic,
scientific, interdisciplinary importance for automotive engineering and technology in general. To date, the
phenomenon of friction and wear has not been sufficiently studied. There is no unified theory of this process, there
is no centralized bank of tribological data. As a result, there are no comprehensive recommendations for designers,
technologists, and operators on increasing the tribological reliability and durability of friction units of machines
and mechanisms. The application of the basics of system analysis allows you to get an answer to the question of
the functional (technical) purpose of the considered tribological system, which is considered as a "black box" with
the corresponding inputs, transformations and outputs.

The purpose of the work

The purpose of this work is the selection and comprehensive study of the tribological efficiency of the
couplings of samples and parts made of composite alloys based on copper and lead, which were subjected to
ultrasonic treatment, as well as alloyed composite alloys based on iron powder with the addition of copper powder
and analysis of the nature of the change in the coefficient of friction from the specific load on triboconjugation of
samples and parts, calculation of structural energy parameters: specific work of destruction A;; energy capacity of
the tribosystem according to the thermal index ECTy.

Research results

The work investigated the effect of ultrasonic treatment of alloys based on copper and lead (70,60,50% Cu
+30,40,50% PDb), as well as sintered compositions based on iron powders of the PZRV 2.200.28 brand with the
addition of copper powder (respectively 2 ,4,6,8,10%) on the nature of the change in the coefficient of friction p,
the specific work of surface destruction A,, the energy intensity of the friction system according to the thermal
index ECTq depending on the value of the specific load p.

Tribological studies were carried out at the Department of Automobiles of the Ternopil National Technical
University named after Ivan Pulyu on a complex of laboratory equipment, which includes: a tribometer, an
automatic system for supplying lubricant to the friction zone, a measuring complex for recording the main
tribotechnical indicators and parameters of the contact electrical resistance of tribocoupling [14] (Figure 1).

g * et rmi
B
/ 3 i

Fig. 1. General view of the tribometer friction assembly and loding mechanism

The research was conducted in an inactive petroleum jelly environment at a constant sliding speed of V =
0.35 m/s. The nature of the load on the test samples during the tests is smooth with fixation of the tested parameters
at intervals of 1 MPa. The duration of the research process at each fixed load is 10 hours. A disk made of SHX15
steel (55...62 HRe, Ra=0.63 pm) was used as a counterbody. The chosen planar scheme of tribo-coupling contact:
the end surface of the disk (counterbody) - the end surface of the cylinder (sample). The structure and elemental
composition of the friction surfaces were studied using a scanning electron microscope Cam Scan 4DV and the
Link-860 system.

The results of the study of the influence of the specific load p on the coefficient of friction p, the specific
work of surface destruction A, the energy intensity of the friction system according to the thermal index ECTq of
alloyed composite alloys based on copper and lead are presented in figures 2-4.
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From the analysis of the obtained graphs, it follows that an increase in the content of Pb and its more
uniform distribution in this alloy, under the influence of ultrasonic vibrations, contributes to the process of more
intensive formation of internal combustion engines, which ultimately leads to an expansion of the range of normal
friction and wear according to the load parameter p and a decrease in the value of p.

The processes of grinding and uniform distribution of Pb in the alloy create favorable conditions for the
formation of protective films of internal combustion engines on the friction surfaces of the samples, due to which

their surface

strength increases. The structural state of friction surfaces and the results of their microspectral

analysis testify to the evolution of surface phenomena in the zone of frictional contact in the entire tribo-coupling
load range. In this case, the presence of clear areas of structural adaptation of materials to operating conditions is

typical.
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Fig. 2. The nature of the change in the friction coefficient p from the specific load p:

¢ — alloy: (70% Cu + 30% Pb) ; m — alloy: (60% Cu + 40% Pb), A — alloy: (50% Cu + 50% Pb)
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Fig. 3. The nature of the change in the specific work of surface destruction (Ar) from the specific load p:
¢ — alloy: (70% Cu + 30% Pb) ; m — alloy: (60% Cu + 40% Pb), A — alloy: (50% Cu + 50% Pb)

Energy capacity of the friction

« 0l
Ic t
o
é) .
= M 0,075
S w
'%n% 0,05
=2 0,
Es 4 | L 1 1 | N
83 0.005 T~ * ¢ o
= u
825 |
v s
% E 4
s 0
i 0 2 4 6 8 10 12 14
Specific load p, MPa

Fig. 4. The nature of changes in the energy capacity of the friction system according to the thermal index ECTq from
the specific load p: ¢ — alloy: (70% Cu + 30% Pb) ; m — alloy: (60% Cu + 40% Pb), A — alloy: (50% Cu + 50% Pb)
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From the analysis of the data presented in the graphs (fig. 2-4) for all the studied materials, ranges are
clearly distinguished, according to the power parameters of the load, in which the optimal (minimum and stable)
value of the main tribotechnical indicators is fixed, with minimal dispersion - the range and level of normal friction
and wear. Optimization of tribotechnical parameters is determined by the processes of formation, transformation
and destruction of DSS types I and II [15].

The presence of friction on the surfaces of one or another type of internal combustion engine depends on
the physical and mechanical properties of the starting materials, the lubricating medium, the lubrication regime,
the nature of the change and the magnitude of the force parameters of the load, the scale factor, and others.

Fig. 5 presents electronic photos of the structure of the friction surfaces of the studied sample covered
with DSS I (a) and DSS II (b) types (mode of normal friction and wear), and table 1 shows their main
characteristics.

Fig. 5. Electronic photographs of the friction surface of the studied alloy sample (50% Cu + 40% Pb) covered with
DSS I (a) and DSS II (b)

For each metal and alloy, there are certain critical conditions of external mechanical influence and
environment, under which DSS of one or another type is formed on the friction surfaces. This factor has a
significant applied value for achieving fractional and anti-frictional states.

Table 1
Main characteristics of DSS I and DSS 1II types
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Dissipative secondary structures have extreme anti-frictional (frictional) and strength characteristics,
which normalize the processes of friction and wear of tribo-coupling samples, protect the original material of the
parts' surfaces from mechanical and physico-chemical destruction.

Experimental samples for laboratory studies of iron-copper sintered compositions were made by the
method of powder metallurgy. The mixtures were prepared on the basis of PZRV 2.200.28 iron powder. Depending
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on the copper content in the studied sintered compositions, their physical and mechanical properties are shown in
fig. 6.
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Fig. 6. Physical and mechanical properties of iron-copper compositions depending on the copper content:
a - density, g/cm?, b - porosity, %, c - hardness, MPa, d - impact strength, kJ/m?, e - tensile strength, MPa, f - shear
strength, MPa, g - specific electrical resistance, Q-m (1077), h - friction coefficient with lubrication, P=SMPa, i -
relative elongation during tension, %

Laboratory (tribotechnical) studies of these compositions were carried out according to a similar tribo-
coupling contact scheme. We investigated the mode of normal friction with the smooth nature of the change in the
value of the specific load p (at a constant sliding speed v = 0.35 m/s) for a sample in the medium of inactive
petroleum jelly. The results of tribotechnical studies are presented in fig. 7.

The graphs (Fig. 7) show areas characterized by stable values of the friction coefficient p. At the same
time, the indicated stability is typical both for pure iron samples (curve 1) and for compositions containing copper
powder of different concentrations (curves 2-6). For sintered compositions that contain copper powders, there is a
not DSS able decrease in the level of normal friction according to the pu parameter.
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Fig. 7. The nature of the change in the coefficient of friction p from the specific load p, for compositions with different
Cu content, %:1—-0%;2-2%;3;3-4%;4-6%;35-8%;6-10%.

When the critical values of the specific load p are reached, the output of the tribocoupler is fixed in the
volumetric destruction mode (damage of the main material of the parts).

Conclusions

1. According to the research results, it was established that when the lead content in the Cu - Pb alloy
changes (respectively 30, 40 and 50%) and its uniform distribution under the influence of ultrasonic treatment, the
main tribotechnical indicators of the friction and wear process improve. In the mode of normal mechano-chemical
friction and wear, this leads to an expansion of the range and a decrease in the level of structural adaptability of
this alloy with the formation of the corresponding DSS I or DSS II types on the friction surfaces.

2. When adding copper powders of various concentrations to the composition of sintered compositions
based on PZRV 2.200.28 iron powder, the tribotechnical indicators of heavily loaded tribo couplings are improved,
which is due to the structural rearrangement of the friction surfaces and the appearance of anti-friction copper
films on them, which realize the process of normal friction and wear in a wide range of force load with a decrease
in the level of self-organization according to the pu parameter.

3. Informative, from the point of view of tribological research and analysis of the obtained results, are the
structural and energy parameters A; - the specific work of surface destruction and the energy intensity of the
friction system according to the thermal index ECTq, which characterize the relationship between the values of
the main tribotechnical parameters, the kinetics of friction processes and wear, structural state of friction surfaces
(internal combustion engine type), mechanisms of their formation, transformation and destruction.

4. The practical operation of the universal tribometer during laboratory studies confirmed its reliability and
efficiency, the satisfactory comparability of the obtained results, the high rigidity of the friction unit and the load
mechanism, the absence of vibration, a wide range of force parameters of the load with their smooth change, the
reversible nature of the movement, the openness of the friction unit for visual control, a convenient shape of the
friction working surface of the sample for further studies of the structural state.
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I'ynka A.B., Ayain B.B., Miponos /I.B., Jlemyk P.{., Slpema I.T., Byxoseus B.M., Tecas B.O.
CTpyKTypHO-CHEpPreTHYHA CaMOOpTraHi3amis aHTH(QPUKIITHIX KOMITO3UIIHHUX MaTepialliB JeTaneid aBTOMOOLTIB
NPY TEPTI Ta 3HOLIYBaHHI

Po3poOka Ta [OCHIIKEHHS KOMIIO3MLIHHMX MaTepiajiB Jjisi Ba)KKOHABAHTAKEHUX TPHOOCHPSIKEHb
Jerayieil  aBTOMOOIUNIB  0a3yBajKCh Ha OCHOBHUX IIOJIOKEHHSX KOHIEMII CTPYKTYpHO-EHEpreTHYHOT
MPUCTOCOBYBAHOCTI X MaTepiajiB mpu TepTi Ta 3HOMIyBaHHI. HaBeIeHHI AaHI eKCIEPUMEHTAIBHUX JOCIIHKEHb
BIUIMBY YJIBTPa3BYKOBOI OOPOOKH MaTepialiB Ha XapaKTep 3MiHU KOe(dilieHTa TePTs B 3aJICKHOCTI BiJ BETHUNHH
NHTOMOTO HABAHTAXXCHHS NPH IOCTIHHIA MMBHAKOCTI KoB3aHHSA. OTpHMaHO JaHi, SKi XapaKkTepu3yrTbh
0coOJIMBOCTI CTPYKTYpHOI ajanTamii Ta camMoOpraHizaiii npu TepTi Ta 3HOIIYBaHHI CIUIaBIB MiJi Ta CBHHIIO.
JocinipkeHHsT TPOBOAMIM 3 BHKOPHCTaHHSIM YHIBEPCAIBHOTO TPHOOMETpa 3a CXEMOK0 KOHTaKTy TOPLEBHX
MOBEPXOHb «IaJIellb-IUCK» Y CEPEIOBHINI IHAKTUBHOT'O Ba3eJiHOBOIO MacTHJIA. 3allpOIIOHOBAHO BUKOPUCTAHHS
KOMITO3MIIITHNX 3HOCOCTIHKMX MarepiasiB Ul MiJABUIIEHHS TPUOOJIOTIYHOT e(peKTUBHOCTI JeTanel, By3JiB Ta
arperaTiB aBTOMOOuUTiB. ExcriepuMeHTaNbHI JOCTIIKEHHS Ta aHANi3 OJCpKaHWX IaHMX NPOBOAWIM Ha Oasi
po3po0iIeHoi MapaMeTpUIHOT CXEMH TOCIiKEHHS TPHOOCIIPSDKEHb 3pa3KiB 1 AeTanel 3 BAKOPHCTAaHHIM OCHOBHIX
MOJIO’KEHb CUCTEMHOTO aHAITi3y.

KawuoBi caoBa: TpuboctupspkeHHS, TpHUOOMETp, TPAHCHIOPTHI 3aco0M, JIETOBaHI KOMITO3HIIiIHI
MaTepiaiu, TepTs Ta 3HOITYBAHHS.
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Abstract

The paper presents the results of the development of new composite materials based on aromatic polyamide
phenylon, filled with dispersed boron carbide and clad with PKHN-15 alloy. The influence of the percentage
content of the filler on the abrasion rate under the conditions of friction with rigidly fixed abrasive particles was
studied. It is shown that the degree of filling determines the rate of abrasive wear of composites, which reaches a
minimum at a filler content of 25 wt.%. The introduction of boron carbide clad with the PKHN-15 alloy leads to
a decrease in the abrasion rate of the aromatic polyamide phenylon by 6.2-9 times, which correlates with the
strength indicators. The roughness of the composites is almost at the same level, from which we can conclude that
the amount of filler affects their wear mechanism. An increase in microhardness at the boundary of the "polymer-
filler" separation was noted, which may indicate the presence of interaction between the polymer and the filler. It
is shown that the abrasive wear rate for composites containing 10-15 wt.% filler is more stable than for composites
with a larger amount of filler. Developed composites are recommended for work in friction units operating in
abrasive conditions, or as working bodies of grain harvesting machines and mechanisms that are in constant contact
with grain which acts as an abrasive for working surfaces.

Keywords: aromatic polyamide phenylon, clad PKHN-15 alloy, abrasive wear rate, microhardness
Introduction

Today, one of the main reasons for reducing the service life of systems and units of transport vehicles
equipped with serial metal parts is the abrasive wear of the working surfaces of tribological joint parts [1]. More
than 30% of the world's energy costs fall on the elimination of the consequences caused by abrasive wear.
Therefore, the development and introduction of new materials with high indicators of abrasive wear resistance into
production is an urgent task for materials science. A promising way to solve this problem is the use of polymer
composite materials (PCMs). Thanks to their high self-lubricating ability, PCMs allow us to abandon the use of
lubricating and cooling fluids and high-performance oils in the operation of tribological units, which in turn leads
to a reduction in financial costs for equipment maintenance. As the analysis of literary sources [2, 3] showed,
PCMs are superior to carbon steels and non-ferrous metals in terms of functional properties. The use of PCMs in
the tribological joint parts of the seeding complex and cultivators for processing agricultural crops, manure-
removing scraper conveyors, plate chains of tow trucks increased their working life up to 5 times while
simultaneously reducing labor costs for maintenance. It is important to note that the production of PCMs parts
(even of complex configuration) leads to the formation of 10-30% of waste, which is much less compared to parts
made of high-strength aluminum and titanium alloys. In the agricultural and metallurgical industry, waste from
the production of such metal parts can exceed the weight of the product by 4-12 times. At the same time, the waste
generated during the production of PCMs parts can be recycled, which is why PCM is considered an ecological
material.

Dispersed powders of metals and carbides are one of the effective fillers for creating wear-resistant PCMs.
The use of powders of copper (Cu), aluminum (Al), nickel (Ni), PR-N65 H25S3R3 self-fluxing alloy, boron
carbide, titanium-tantalum-tungsten-cobalt (TTC) alloy allows to create PCM characterized by high indicators of

Copyright © 2024. K.A. Yeromina, A.-M.V. Tomina, Ya.E. Yarovyi. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
C original work is properly cited.
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thermal conductivity, wear resistance under the influence of abrasive particles, high self-lubricating properties in
conditions of high-speed sliding, resistance to the influence of dynamic and fatigue loads [3, 4-6].

The purpose of the work

Considering the above, this work is aimed at the development and research of new PCMs with high
indicators of wear resistance.

Objects and methods of research

C-1 aromatic polyamide phenylon (APP) was chosen as a polymer matrix for creating wear-resistant PCMs.
Among the large number of engineering and technical materials, polyamides and composites based on them
continue to occupy one of the important places in many branches of modern industry due to high indicators of
functional properties and the possibility of forming products by many methods (die casting, compression pressing
and 3D printing). It is known [3] that APP is characterized by high temperatures of long-term and short-term
operation, low wear, increased radiation, corrosion and chemical resistance. Thanks to this, APP is mainly used
for the production of parts that work in harsh operating modes.

Dispersed powder of PKHN-15 alloy with an average particle size of 40-100 pm based on chromium
carbide clad with 15% of nickel was chosen as a FL. The use of clad alloys, which are characterized by a complex
of unique properties and have an active surface, leads to a change in the interaction between the polymer and the
FL, and, as a result, to an increase in adhesion between them. Thus, it is possible to expect an increase in the
physical and mechanical characteristics of compositions containing clad alloys as a filler. Production of new PCMs
based on APP was carried out according to the method given in the paper [7].

The study of the resistance of the developed PCMs and pure PA to the influence of hard-fastened abrasive
particles (dispersion is 100 um) was carried out using a HECKERT test machine. Before the start of the
experiment, each test sample underwent a preliminary run-in in the usual mode until its surface was in full contact
with the abrasive skin. The load on the sample was 10 N, and the length of the friction path for one test cycle was
40 meters. A comparison of the morphology of the friction surfaces of APP and PCMs based on it was carried out
using a BIOLAM-M microscope at a magnification of 200. Microhardness at the boundary of the "polymer-filler"
separation was determined using a PMT-3M device. Hardness was determined on a hardness tester 2074 TTIP.

Results

The analysis of the results of the friction of composites carried out using rigidly fixed abrasive particles
(see Table 1) showed that the degree of filling directly affects the abrasive wear rate of composites. This indicator
reaches its minimum value at a filler content of 25 wt.%. The introduction of harder filler into the polyamide
matrix contributes to the strengthening of the composite material and inhibits the development of deformation
processes in the matrix during abrasion, which increases the wear resistance of the developed materials.

Table 1
Functional properties of aromatic polyamide phenylon and composites based on it

Indicator Percentage content of PKHN-15 alloy, wt.%
0 10 15 20 25
Average rate of abrasive wear, V, mm’/m 1,80 0,29 0,27 0,25 0,20
Hardness, HB, hardness units 80,00 85,00 | 86,00 | 89,00 | 90,00
Roughness, Ra 1,15 0,99 0,87 0,99 1
Mlcrohgrdness at the boundgry of the "polymer - filler" i 172.0 | 1935 | 2256 | 1717
separation, HV, hardness units

The introduction of boron carbide clad with the PKHN-15 alloy significantly reduces the rate of abrasive
wear of aromatic polyamide phenylon by 6.2-9 times. This decrease is directly correlated with an improvement in
the hardness of the material. Thus, the addition of clad boron carbide not only increases the wear resistance, but
also significantly increases the hardness of the composite.

It is worth noting that the surface roughness of the composites remains practically at the same level
regardless of the amount of added filler. This allows us to conclude that the wear mechanism does not change with
the change in the amount of filler. This is an important aspect because stable roughness ensures predictable
behavior of the material in service.

In addition, there is a significant increase in microhardness at the polymer-filler interface. This indicates
the possible presence of interaction between the polymer and the FL. Such an interaction can contribute to the
improvement of adhesion between the components of the composite, which additionally increases its strength and
wear resistance.

Studies of the dependence of the abrasive wear resistance of composites on the number of cycles are shown
in fig. 1. It can be seen from the given data that with an increase in the number of cycles, the wear resistance of all
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investigated composites becomes practically identical. At the same time, the indicator is more stable for
composites containing 10-15 wt.% FL than for composites with a larger amount of the FL. This can be explained
by a decrease in the plasticity of the composite due to the appearance of a large number of FLs, due to which the
filler breaks out of the surface layers of the composite under the action of abrasive particles. The voids formed as
a result can be seen in fig. 2 ¢, d, where the friction surfaces of the studied composites are shown.

V3i,mm3/m
0,8 % —e—10wt. % PKHN-15
. i o 15wt. % PKHN-15
AN ——-v—-20wt. % PKHN-I15
0.6 " ——&—-25wt. % PKHN-15

Cycle number
Fig. 1. Dependence of abrasive wear resistance of composites on the number of cycles

c d
Fig. 2. Friction surfaces of composites containing: a — 10, b — 15, ¢ — 20, d — 25 wt.% boron carbide clad with PKHN-
15 alloy

The friction surfaces have a grooved structure, which is formed as a result of the ploughing process. It is
important to note that no microcracks are observed on these surfaces, which is evidence that the material undergoes
mainly plastic failure under the influence of sliding friction, that is, the surface layer is deformed and is more
susceptible to stretching and crumpling than cracking, which leads to the formation of grooves. This type of
destruction is typical for materials that are characterized by satisfactory plasticity and are capable of deformations
without the formation of cracks.

The results of the conducted research indicate that the developed composites containing boron carbide clad
with PKHN-15 alloy are promising materials for use in friction units operating in abrasive conditions. Boron
carbide is known for its high hardness and wear resistance, making it an ideal component for materials subject to
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heavy wear. The PKHN-15 alloy, which is clad with boron carbide, provides additional properties, such as
corrosion resistance and self-lubricating ability, which increases the overall performance of the composite.

These composites can be effectively used in various engineering and industrial applications, especially in
friction units operating in abrasive conditions. For example, they can serve as working bodies of grain-harvesting
machines and mechanisms that are constantly in contact with grain. The grain, which is an abrasive material, can
quickly wear out the working surfaces of ordinary materials, but composites with boron carbide and PKHN-15
alloy can significantly extend the service life of such mechanisms.

The use of such composites will help reduce the frequency of replacement of worn parts, increase the
reliability and efficiency of equipment, and reduce maintenance and repair costs. This is especially important in
agriculture, where equipment downtime can lead to significant crop losses.

Conclusions

Summing up the results given in the article, the following conclusions can be drawn:

— New composite materials based on aromatic polyamide phenylon filled with dispersed boron carbide clad
with PKHN-15 alloy were developed and can be effectively used in various engineering and industrial applications,
especially in friction units operating in abrasive conditions.

— The influence of the percentage content of the filler on the abrasive wear rate under the conditions of friction
with rigidly fixed abrasive particles was studied and it was shown that the rate of abrasive wear of composites
reaches a minimum with a filler content of 25 wt.%.

— It is shown that the introduction of boron carbide clad with PKHN-15 alloy leads to a decrease in the
abrasion index of aromatic polyamide phenylon by 6.2-9 times

— An increase in microhardness at the boundary of the "polymer-filler" separation was noted, which may
indicate the presence of interaction between the polymer and the FL.

— Itis shown that the rate of abrasive wear is more stable for composites containing 10-15 wt.% FL, compared
to composites with a larger amount of the FL.

— Developed composites are recommended for work in friction unites operating in abrasive conditions, or as
working bodies of grain harvesting machines and mechanisms that are in constant contact with grain acting as an
abrasive for working surfaces.
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€promina K.A., Tomina A.-M.B., SIposnii 51.€. Brus xap6iny 6opa njiakoBaHOro CIUIaBOM Ha OCHOBI
HIKEJII0 Ha MMOKa3HUK a0pa3uBHOTO CTHPAHHS apOMaTHYHOTO Noiaminy (eHiaoH

Y poboTi HaBeJCHO pe3yNbTaTH PO3POOKU HOBUX KOMIIO3HIIIHHUX MaTepialliB HA OCHOBI apOMATUYHOTO
noiiaminy QeHiIOH, HAMOBHEHOTO AUCIIEPCHUM KapOizom Oopy rutakoaHoro criaBoM ITKXH-15. JTocnimkeno
BIUIMB BIJICOTKOBOTO BMICTY HAallOBHIOBaya Ha IIOKa3HMK aOpa3MBHOTO CTHpPAaHHS B YMOBax TepTs
JKOPCTKO3aKpIIUICHUMH a0pa3MBHUMHU 4YacTkamu. [loka3aHO, IO CTYHiHb HAIlOBHEHHS BH3HAYa€ IIOKa3HUK
aOpa3WBHOTO 3HOIIYBAHHS KOMIIO3UTIB, SIKHH J0CsITae MiHIMyMy TIpH BMICTi HamoBHIOBa4a 25 mac.%. Beenenns
KapOiny 6opa mmakoBanoro crmaBoM [TIKXH-15 mpu3BoauTh 10 3MEHIIEHHS TOKa3HUKA a0pa3UBHOTO CTHPAHHS
apOMATHYHOTO ToJiaminy QeHiioH y 6,2 — 9 pasiB, mo KOpenroe 3 mokazHuKamu MinHOCTi. LopcTKicTh
KOMIIO3UTIB 3HaXOIUTHCS TMPAKTHYHO HA OAHOMY piBHi, 3 YOO MOXKHa 3pOOHWTH BHCHOBOK, MIO KiJIBKICTB
HAIOBHIOBAaYa Ha BIIMBAE Ha iX MeXaHi3M 3HOIIyBaHHs. Bin3HaueHo 301IbIIEHHS MIKPOTBEPIOCTI Ha MEXi IOJITy
«TOJIIMEp-HAIIOBHIOBAY», II0 MOXE CBIAYMTH MPO HASABHICTH B3a€MOJIl MK MOJIMEPOM Ta HaIlOBHIOBAYEM.
[okazaHo, 10 111 KOMIO3UTIB, 0 MicTATh 10 — 15 Mac.% HamoBHIOBaua, MOKa3HUK aOpa3sMBHOTO CTHPaHHS
Ol CTAOINBHUE, HDK JUIi KOMITO3MTIB 3 OUIBIIOI0 KUIBKICTIO HamloBHIOBa4Ya. PexoMeHIOBaHO po3poliieHi
KOMITO3UTH Ui POOOTH y By3Jlax TepTs, L0 MNpalolTh y abpasMBHUX yMOBax, abo sk poOoui opraHu
3epHO30MpANTEHAX MAITUH Ta MEXaHi3MiB, IO MOCTIHHO KOHTAKTYIOTh i3 36pHOM, SIKE BHCTYIIA€ K a0pa3wB I
POOOYNX TOBEPXOHB.

Karwuosi ciaoBa: apomatnyruii momiamin ¢eHinmon, miakoanuii cmutaB [IKXH-15, nmokasHuk aOpa3smBHOTO
CTHpaHHA, MIKPOTBEPHICThH
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Abstract

The article discusses primary (technological factors) relating to the technology and conditions of spraying
and secondary ones, which are derived from technological factors affecting the structure formation and properties
of coatings. The paper examines the influence of spraying distance, dispersion of sprayed particles, wire material,
etc. on the properties of electric arc coatings. Summarizing the results of research on the influence of factors of
the electric arc spraying process on the structure formation and properties of coatings, the parameters of the electric
arc spraying process were established, the method of preparing the surface before spraying was selected, etc.
method of processing sprayed coatings.

Key words: electric arc spraying, properties, structure formation, technological factors, coatings,
microhardness, density, adhesion strength

The state of the problem and the purpose of the research

In the practice of strengthening and restoring parts, the method of electric arc spraying (EAS) has become
widespread as one of the most technologically advanced, productive and high-quality methods. The widespread
use of electric arc spraying is facilitated by a number of significant advantages over other methods:

— high productivity of coating up to 20 kg/hour of steel, up to 10 kg/hour of aluminum,;

— obtaining a coating thickness from 0.1 to 10 or more millimeters;

— wear resistance is 1.5-1.8 times higher than hardened steel 45, which is due to good oil absorption and oil
retention in the micropores of the coating;

— the ability of coatings to work normally without access to lubricant until setting;

— ensuring the wear resistance of parts at the level of new ones;

— there is no deformation of parts, which is inevitable during surfacing, since during electric arc spraying
there is insignificant heat input (heating temperature of the part is 100-150° C);

— simplicity and manufacturability of the process;

— the possibility of coating the surfaces of parts made of various materials (steel, cast iron, aluminum,
bronze, wood, polymer, etc.);

— the dimensions of the parts do not limit the use of electric arc spraying;

— production of combined metal coatings with specified properties from various wire materials;

— low specific cost of coating application (1.4-1.8 times lower than surfacing).

The positive qualities of EAS (manufacturability, simplicity, high productivity and wear resistance, absence
of thermal leads, low cost and versatility, stability of the fatigue strength of restored parts) could not go unnoticed
by scientists and production workers.

However, the electric arc spraying method, like any metal coating method, also has disadvantages. The
main disadvantage has always been considered to be the low adhesion-cohesive strength of the coating. The second
factor limiting the use of EAS was the low hardness of the coating compared to surfacing.

Copyright © 2024. A. Lopata, V. Lopata, I. Kachynska, N. Zaboykina. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
C original work is properly cited.
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Despite the large number of developments in the field of electric arc spraying (EAS), research is actively
developing at the present time, and it has become focused on rational activation of the process or subsequent
modification.

The aim of the work - study of the influence of factors and modes of the electric arc spraying process on
the properties of coatings.

Factors influencing the structure formation and properties of coatings

The electric arc spraying (EAS) is characterized by a large number of factors that influence the structure
formation and properties of coatings. It is advisable to distinguish primary (technological factors) related to
technology and spraying conditions and secondary ones, which are derived from technological factors.

It is advisable to include the following as primary factors:

— factors relating to spraying modes: the magnitude of the welding current, the type, pressure and flow rate
of the spraying gas, the diameter and shape of the nozzle;

— factors relating to spraying conditions: design of the blowing system; spraying distance, metallizer
movement speed;

- factors relating to the sprayed material: wire diameter, chemical composition and structure of the wire,
wire feed speed;

— factors relating to the preparation conditions of the sprayed surface: material, preparation method, surface
roughness, heating temperature.

— factors relating to the processing of sprayed coatings.

The above primary factors determine the secondary factors that influence the kinetics and structure
formation of coatings. These include: diameter, speed and temperature of particles, their degree of oxidation;
degree of activation, roughness and temperature of the substrate. It should be noted that the influence of most
factors on the EAS process has been studied by various researchers.

Research into the influence of electric arc spraying modes on the quality and properties of coatings

The quality of coatings and properties largely depend on the pressure of the atomizing gas and the spraying
distance. Most researchers agree that increasing pressure increases coating adhesion and reduces porosity.

Studies of the influence of electric arc spraying modes on the properties of coatings show (Fig. 1) that the
adhesion of the coating with an increase in the air flow rate, and, consequently, the jet flow rate, increases, and
porosity decreases [1- 4]. When air flows at subsonic speed, the size of the molten particles averages 200 microns.
As the air flow rate increases, 90% of the molten particle size is in the range of 30-80 um. However, such a
decrease in the size of the molten particles of the sprayed material leads to more intense burning of alloying
elements from them, primarily carbon, which causes increased hardness of the coatings at subsonic air flow
velocities. The content of the remaining alloying elements of the wire changes to a lesser extent with an increase
in the speed of air flow from the metallizer and the arc discharge current [2].

HRC, o, MIla IL %
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Fig. 1. Influence of air flow velocity from the nozzle (V, m/s) on the properties of coatings during electric arc
spraying (EAS): 1 - porosity (P,%); 2 - adhesion strength (6aan, MPa); 3 - hardness (HRC.)

One of the important technological factors in electric arc spraying (EAS) is the spraying distance. On the
one hand, increasing the distance helps to increase the speed of particles, on the other hand, it leads to increased
oxidation of the particle and a decrease in its temperature. The optimal range of spraying distance according to
research [3] is in the range of 80...150 mm (Table 1).
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Table 1
Properties of coatings depending on the spraying distance
Distance from nozzle to part, mm
Coating properties 30| 50 [ 75 | 100 120 | 200 | 300

Adhesion strength, 15| 18 19 21 22 22 19
MPa

Oxide content in the 10 | 12 13 15 16 25 30
coating, %

By improving the design of equipment for electric arc spraying and increasing the protective energy level
of the spray torch, the problem of increasing the physical and mechanical properties of coatings was solved by
reducing the oxidation of dispersed metal in the spray torch and increasing the flight speed of particles. To apply
coatings, devices with different blowing systems and nozzle geometries are used. Work [4] notes the advantage of
devices with a closed circuit and a differential nozzle compared to an open circuit of a central nozzle. Therefore,
the research in this dissertation was carried out on an EM-14 metallizer with a diaphragm nozzle.

Sprayed materials and their connection with the properties of coatings

For electric arc spraying (EAS), the use of any type of wire produced by industry is technologically possible.
When spraying low-carbon unalloyed wire materials, the coating has a low level of mechanical properties. The
hardness of the metal and oxides is different and amounts to 210...280 HV and 400...560 HV, respectively. The
coating is characterized by high internal fragility due to the presence of a large amount of oxides (up to 20%), a
high coefficient of friction f= 0.4...0.6 and low wear resistance [1, 3]. The adhesion strength to the substrate does
not exceed 22...24 MPa. The porosity of the coating is in the range of 13...18%. The structure of the coatings is a
layered system consisting of elongated grains (lamellas), the phase composition of which corresponds to a solid
solution of chromium in a-iron, with finely dispersed inclusions of complexly alloyed boride compounds of
chromium and iron.

As noted in the literature [5-9], relatively high properties of coatings using electric arc spraying (EAS) are
achieved by using composite flux-cored wires. An analysis of the problems of strength and wear-resistant
properties of coatings also led to the conclusion that it is necessary to use flux-cored wires for electric arc spraying
(EAS). Composite flux-cored wires are most widely used (sheath made of steels Sv-08, Sv-08G2S, 30KhGSA,
Steel 70, U8, U10, 20Kh13,40Kh13, 65G, filler - ferroalloys, carbides, carboborides).

These include FMI-2 flux-cored wire developed by scientists from the Physico-Mechanical Institute named
after G.V. Karpenko NAS of Ukraine (Lviv, Ukraine). Protection against oxidation and high properties of coatings
are achieved through the interaction of the components of the powder mixture with each other, while the processes
of oxide reduction and alloying of the steel base occur. The content of ferrochrome 16-19% and aluminum 14-
17% in the flux-cored wire provided a significant increase in adhesive-cohesive strength. Hardness 50-58 HRC.
Coatings obtained by spraying flux-cored wires have greater hardness and wear resistance.

The practice of using flux-cored composite wires in gas-thermal spraying shows that the performance
properties of coatings made from flux-cored wires are higher than those made from homogeneous ones. The
advantages of flux-cored wires are determined not only by the heterogeneous structure of the coating after
spraying, but also by the active interaction of the components of the powder mixture with each other during
spraying and with the substrate, which contributes to an increase in the temperature of the particles, deoxidation
of oxides on the surface of the substrate, and as a result, increased adhesion of the coating to the substrate.

However, our research has shown that with increasing carbon content in the sprayed composite wire, the
mechanical properties of the coating increase, and the adhesion strength decreases slightly. When spraying U8
steel, the coating hardness is 360...380 HV, the adhesion strength is 18...20 MPa.

Alloyed and highly alloyed wire materials make it possible to obtain the best properties of electric arc
spraying (EAS) coatings from all homogeneous wire materials. A significant increase in properties is due to the
strengthening effect of alloying elements in steel.

Chromium helps, with rapid cooling, to increase the hardenability of steel, therefore the structure of
coatings made of chromium steels consists mainly of martensite and its tempering products. With a significant
chromium content in the original wire, Cr23Cs carbides are formed in the coating, as well as a small amount of
austenite. Chromium significantly increases the corrosion resistance of coatings, as well as the adhesion of the
coating to the lubricant. Chromium in its pure form does not affect the adhesion strength of coatings. During
electric arc spraying, chromium practically does not burn out [1].

Nickel is widely used in alloys for protective coatings. It is unlimitedly soluble in iron and is a strong
austenitizing element [1]. Nickel does not form its own high-hard phases in iron alloys. Its effect is to significantly
increase the resistance of coatings to impact loads. With increasing nickel content, the toughness of the alloy
increases with virtually no loss of wear resistance. Nickel is an expensive alloying element, so its amount in wear-
resistant iron-based alloys is limited. The exception is alloys for corrosion-resistant coatings. In self-fluxing
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powders, nickel is used as the alloy base. In this case, high corrosion and wear resistance, as well as
manufacturability of coating application, are achieved due to the formation in the M-Cr-B system of a
heterogeneous structure of the eutectic type with a low melting point (less than 1000°C).

However, high-alloy wire materials are close in cost to flux-cored wire materials, however, they are
inferior in efficiency (Table 2).

According to research, the diameter of the wire used during electric arc spraying (EAS) affects the
conditions for the formation of a metal-air jet. In [2-4], an increase in jet turbulence is noted when the wire diameter
increases to more than 1.8 mm, as well as an increase in the pressure drop in the area where the wires cross. When
the wire diameter decreases to less than 1.2 mm, a deterioration in process stability is observed due to the variability
of the position of the wire crossing point. The optimal range of diameters is 1.2...1.8 mm.

The influence of the method of surface preparation during electric arc spraying (EAS) on the adhesion
strength and the effective stress concentration coefficient. Pre-treatment of the sprayed surface is necessary to
ensure reliable contact of the sprayed material and the base metal by activating the surface layer of the base and
removing contaminants. Preliminary surface treatment of the base metal is carried out using a variety of
technological methods. At the first stage of surface preparation, degreasing is carried out to remove various
contaminants. Next comes mechanical surface treatment. Among all the methods, the most productive are shot
processing, sand blowing, cutting torn threads, and applying various forms of notches.

Table 2
Technical and economic characteristics of common grades of steel wire materials

Wire brand Chemical composition Purpose I;I;r;i;:gs’ ift\f/:r
Sv-08 C-0,08...0,1% welding of low carbon steels 250...300
Sv-08G2S C-0,08...0,1%, Mn-1,5...2,0%, welding of low carbon steels 250...300
Si-0,8...1,2%
Surfacing wire C-0,37...0,42% wear-resistant surfacing of 300...350
Np 40 machine parts
Surfacing wire C-0,57...0,62% wear-resistant surfacing of 350...400
Np 60 machine parts
65G C-0,63...0,68%, Mn-0,8...1,2%, wear-resistant surfacing of 350...400
machine parts
U C-0,76...0,82% wear-resistant surfacing of 360...400
machine parts
20Kh13 C-0,18...0,22%, Cr-11...13% wear-resistant surfacing of 360...420
machine parts
Flux Cored Wire | C-0,67%, Cr-3,58%, Ni-2,33%, electric arc spraying and 400...450
PP-TP1 (powder) | Si-0,27%, Mn-0,42%, Al-2,08% surfacing of tribo-joint parts
Surfacing wire Alloying system electric arc spraying and 400...450
NP-4 (powder) Fe-C-B-Cr surfacing of tribo-joint parts

Shot treatment before spraying provides high adhesion (Table 3), increasing the endurance limit of the
base metal. Therefore, during the research, the samples were subjected to shot blasting with steel chips.

Table 3
Influence of the method of surface preparation during electric arc spraying (EAS)
on the adhesion strength and the effective stress concentration coefficient

Method of preparation | Strength of adhesion to Effective stress
the base, MPa concentration factor [6]
Shot processing 22 0,78
Sand blasting 20 0,91
Threading 23 1,3
Notching 22 1,29
Electrospark 23 1,08

Results of experimental studies

At the first stage of the research, the distribution of particles obtained by spraying flux-cored wire into
fractions was assessed (Table 4, Fig. 2).
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Since the largest fractions have a minimal share in the overall distribution pattern, it would be expected
that the sprayed layers would be quite dense.

The structure of the sprayed coating was a heterophase system consisting of two or more phases
separated by an interface and differing in chemical composition and properties.

Table 4

Mass fraction of particles of different fractions

Ne Fraction, mm Weight, g Mass fraction, %
1 6omee 0,63 0,081 0,1
2 0,63...0,40 1,204 1,52
3 0,40...0,315 1,012 1,28
4 0,315...0,20 11,930 15,14
5 0,20...0,16 11,000 14
6 0,16...0,10 22,021 28
7 0,10...0,063 21,450 27,25
8 Memnee 0,063 10,012 12,7
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Fig. 2. Histogram of the distribution of the mass fraction of particles of different fractions

Molten particles transported by a high-speed jet of combustion products are flattened and mixed during
their collision with the surface of the substrate. As a result, a specific, wavy microstructure with residual porosity
is formed. The sprayed coating had a lamellar structure of crystallized particles of metal, oxides and powder filler,
and the oxides are located, as a rule, along the boundaries of the lamellas (Fig. 3). As follows from the results of
studying the fractional composition of particles of atomized flux-cored wire, the coatings had a fairly high density
(porosity did not exceed 12-14%). Research carried out on a JSM-840 electron microscope and a MeF-3 light
microscope from Reichert (Austria) showed that the powder particles included in the sprayed wire in the form of
filler are fully or partially preserved. Figure 3 shows a fragment of a coating obtained by spraying FMI-2 flux-
cored wire.
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Fig. 3. Structure of the coating obtained by electric arc spraying of FMI-2 flux-cored wire

Processing of sprayed coatings

Predicting the appearance of possible structural features and physical and mechanical properties of gas-
thermal coatings modified by electrical contact processing based on data obtained from electrical contact
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processing of loosely poured powders or layers formed by the adhesive method is impossible, which is associated
with the following features of sprayed coatings:

— ultra-fast crystallization of sprayed melt droplets leads to a high concentration of crystal lattice defects
(dislocations, vacancies) in the coating particles;

— the coating particles have a structure that reflects the condition of heterogeneous crystallization with
the development of the front of growing crystals in the direction opposite to heat removal, i.e. perpendicular to the
layer formation surface;

— the sprayed coating has pores and an extensive network of boundaries;

— when spraying coatings, there is an intense interaction of the elements included in their composition
with the environment and working gases, in particular oxygen, which leads to a significant change in the phase
composition and properties of the coatings.

Despite these features, the following could be expected to occur structure changes. As a result of electrical
contact processing of sprayed coatings made of flux-cored wires, the formation of modified gradient structures
containing a high-strength matrix phase (solid solution of carbon in (-Fe)), as well as inclusions of carbides and
austenite, is possible in the surface layers.

In this case, the presence of increased amounts of austenite in the modified layer can help increase the
fracture toughness and abrasive resistance of the coating [3, 10-11], and the presence of high-strength phases
(martensite and carbides) in the layer should provide increased strength, as well as wear resistance of gas-thermal
coatings under conditions of boundary friction and friction without lubrication. In addition, thermal force exposure
at elevated temperatures can reduce the porosity of the coating and increase its adhesive resistance.

Metallographic studies showed (Fig. 4) that, as expected, as a result of thermal force exposure, the so-
called “healing” of pores occurs, noted in [10, 11], the density of the coatings increased quite noticeably (porosity
was 3-5%). Quantitative stereological analysis of porosity was carried out using the Genias 26 program on a
certified automatic image analyzer Mini-Magiscan from Joyce Loebl, England ((Fig. 4).
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Fig. 4. Structure of the coating obtained by electric arc spraying of powder FMI-2 after electrical contact
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Fig. 5. Results of quantitative stereological analysis of the porosity of the coating obtained by electric arc
spraying of powder FMI-2 after electrical contact treatment

Durometric studies have shown that in the process of electrical contact processing there is an increase in
the hardness of the surface layer, a decrease in the microhardness of subsurface layers and an increase in
microhardness in deeper layers. It has been suggested that the surface layer of the gas-thermal coating is re-
hardened. Hardening leads to an increase in microhardness, and high tempering of subsurface layers contributes
to their softening. In deeper layers, during electrical contact processing, the decay of retained austenite occurs,
accompanied by an increase in microhardness (Fig. 6).
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Change in microhardness through the coating depth
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Fig. 6. Distribution of microhardness along the depth of sprayed coatings from the edge of the coating
surface to the base, including the transition zone: a — sprayed coating made of FMI-2 flux-cored wire; b — sprayed
coating of flux-cored wire FMI-2 after electrical contact treatment

Microhardness measurements were carried out using a Micromet-II microhardness tester with a load of
100 g.

Conclusions

Summarizing the results of our own research on the influence of factors of the electric arc spraying
process on the structure formation and properties of coatings, and also taking into account the literature data, we
established the following parameters of the EDS process during the research:

— current strength — 160...180 A;

— compressed air pressure — 0.5...0.6 MPa;

— spraying distance — 100...130 mm,;

— diameter of the wire used — 1.6...2 mm,;

—nozzle hole diameter — 7 mm;

— surface preparation method before spraying — shot blasting;

— method of processing sprayed coatings — electric contact.
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Jlonara O.B. , Jlonara B.M., Kauuncbka L.P., 3a6oiikina H.I1. Bruiue dakropiB enexTpoayroporo
HaIlWICHHS Ha BIACTUBOCTI MOKPHUTTIB

B crarTi po3risiHyTi IepBUHHI (TEXHOJIOTIYHI (PaKTOPH), SIKI CTOCYFOTHCSI TEXHOJIOTIT 1 YMOB HalWJICHHS
1 BTOPHHHI, SIKi € IIOX1IHUMH BiJ] TEXHOJIOTIYHUX YHHHHKIB, 110 BIUTUBAIOTH Ha CTPYKTYPOYTBOPEHHS 1 BIACTUBOCTI
HNOKPHUTTIB. B po0oTi mOCHiUKEHO BIUIMB JUCTAaHLIl HANMJICHHS, IUCHEPCHOCTI PO3NMIIOEMHX YACTHHOK,
Marepiany APOTy Ta iH. Ha BIACTUBOCTI €JIEKTPOYTOBHUX IMOKPUTTIB. ¥Y3araJbHIOIOYH PE3yJIbTaTH JOCIIIKEHb 110
BIUIMBY YMHHHKIB IPOILIECY €JIEKTPOJYrOBOIO HANWICHHS Ha CTPYKTYPOYTBOPEHHS Ta BJIACTUBOCTI ITOKPHTTIB,
Oynu yCTaHOBJIEHI MapaMmeTpu MpPOIeCy eNeKTPOIyroBOr0 HAMMIIEHHS, BUOpaHI METOJ MiArOTOBKH MOBEPXHIi
nepes HaWICHHSM 1. croci6 0OpoOKM HAITMIICHUX TIOKPHUTTIB.

Kiro4oBi cioBa: enexTpoxyroBe HAMWIECHHS, BIACTHBOCTI, CTPYKTYPOYTBOPEHHS, TEXHOJIOTidHI
(haxkTopu, MOKPHUTTSI, MIKPOTBEPICTh, UTUIbHICTh, 3HOCOCTIHKICTh, MIIIHICTh 3YETUICHHS



